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FOREWORD 


The research described herein, conducted by the Technology 
Services Division of SKF Industries, Inc. was performed under 
NASA Contract NAS3- 19436. The work was completed under the 
management of NASA Project Manager, Mr. William R. Loomis, 

Fluid System Components Division, NASA Lewis Research Center. 

Dr. G. Domoto of Columbia University consulted in the formulation 
and creation of the softwear in the analytical portion of this 
program. 
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SUMMARY 


The research performed on this program was conducted to 
investigate turbine engine bearing sump configurations; the 
objective being to obtain information which would suggest 
limits on the variables of oil flow rate, air flow rate, and 
input temperatures as well as geometrical variations which 
would reduce the probability of sump fires. The work performed 
consisted of both an experimental and analytical investigation. 

The experimental work was performed on an existing NASA 
owned high speed bearing test rig designed and built by SKF 
Industries to simulate an aircraft engine mainshaft design and 
modified to accommodate the requirements of the fire study. 

The rig included seven thermocouples within the bearing sump to 
sense the oil-air mixture temperature and determine the presence 
of fires. Electrical spark ignitors were used as an easily 
applied, reproducible method of igniting fires when susceptible 
conditions existed. A baffle plate was located between the 
bearing and the simulated hot air leakage port to minimize the 
uncontrolled mixing of the oil and air, and to reduce the 
chances of excessive hot air producing a bearing failure. 

A total of four test series was performed with each series 
evaluating the possibility of igniting fires within a given 
range of input variables. Test Series 1 was performed with the 
initial baffle plate design, and consisted of five runs incor- 
porating the full range of selected input variable values. 

These were : 

Oil inlet temperature - 353-467°K (175-380°F) 

Oil flow rate - 0 . 23- 0 . 46m^/hr . (1-2 gpm) 

Hot air temperature entering 

hot air chamber - 622-833°K (660-1040°F) 

Hot air flow rate through 

bearing sump - 7-48stdm^/hr. (4-28 scfm) 

Test Series 2 was performed with a modified baffle designed to 
further minimize the oil and air mixing, and included approx- 
imately t)T^e same variable values used in Series 1. Test Series 
3 and 4 were both performed with the modified baffle configur- 
ation, and all runs initiated with relatively low mixture 
temperatures in the sump , which were then increased during the 
test by Increasing the inlet oil and/or air temperature. 
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In the analytical portion of the project, two basic 
mathematical techniques were successfully formulated and 
computerized to aid in the study of the flammability 
condition in the bearing sump. The first analysis program 
traces two phase oil flow (liquid and vapor) in an air stream 
passing through a cylindrical geometry. This was utilized to 
perform a parametric study to determine the influence of 
selected variable changes on the generation rate of oil vapor 
with respect to distance of travel in the tube.- It was further 
utilized to perform a comparative evaluation with selected 
test data. The second analysis considers the ignition of the 
vapor-air mixture by an ignition source and allows the deter- 
mination of combustion or its absence. This program was 
exercised with a two phase mixture of decane to demonstrate 
proper operation. 

The experimental program demonstrated the following results: 

1. Fires could be ignited over the full range of air and 

oil flow rates and air temperatures evaluated: Air flow, 

6.8-49.3std m^ (4 - 29 scfm) , Oil f low , 0 . 23-0 . 57m^/hr (l-2,5gpm) 
Hot air temp. 622-868 ‘k (660-1050“K) . 

2. No fires could be ignited when the oil inlet tempera- 
ture was maintained below 417 K'^(290'’F). 

3. The severity of the fires ignited were found to be 
directly proportional to the hot air flow rate. 

4. Fires were readily ignited in many cases with high oil 
flow rates, but not with low oil flow rates even though the 
air flow rate and the air and oil temperatures were maintained 
at a constant value. 

5. A reasonably good correlation (ability to ignite or not 
ignite fires) was found to exist between the mixture tempera- 
ture at the ignitor and the calculated flammability limits as 
defined by flammability theory. This was especially true 
when the oil inlet temperature was above 432®'K (320° F). This 
approach for determining flammability conditions within the 
sump is considered to be reasonably reliable especially if the 
residence time of the oil droplets in the hot air is consider- 
ed to be long. 
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The analytical program produced the following results: 

1. The parametric study performed with the computerized 
mathematical model showed that oil droplet size and air temper- 
ature had the greatest influence on the generation rate of oil 
vapor . 

2. The correlation between the test data- and the analytical 
data was shown to be good considering the assumptions that had 
to be made to compensate for the major differences existing in 
the rig geometry and the simplified geometry used to establish 
the mathematical model. Thus the analytical approach used is 
considered to be a viable method of determining flammability 
conditions within a bearing sump when values of the variables 
can be established. 
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I.O. INTRODUCTION 


A recognized need exists in the aircraft gas turbine indus- 
try for establishing causes and conditions under which fires 
are ignited in the mainshaft bearing chambers and how these 
fires can be; prevented or quickly extinguished. 


Lubricant siimp fires have been encountered in high temper- 
ature operation of aircraft engines during flight, in engine 
ground studies, and in advanced laboratory studies of lubri- 
cation systems (1)* and mainshaft seals (2). There is evidence 
that at least 31 incidents of sump fires or excessive heat in a 
bearing sump have occurred over a recent 5 -year period in one 
widely used aircraft engine. Despite the reality of fires and 
near fires in operational aircraft engines, the high oil -re- 
circulation rates used in engine sumps leads to the general 
contention that these areas are normally too oil rich for the 
initiation of fires. This contention is based on a false pre- 
mise that the quantity of liquid oil is a primary variable in 
flammability. This is not the case. The concentration of oil 
vapor and the temperature determine flammability limits. 

However, the trend toward developing engines with higher speeds, 
higher pressure ratios, and resulting higher energy levels 
suggests an impending increase in the frequency of sump fires. 


Past sump fires have resulted from a number of different 
causes under different sets of conditions. Due to the complex- 
ity of the problem, the initial task of the program was to 
investigate experimentally the possibility of establishing 
limits on the controllable input variables (oil and air temp- 
eratures and flow rates) to the sump over a range of values 
present in engines, which would produce flammability condi- 
tions within the sump. The second task was to extend and 
obtain a better understanding of the information obtained in 
Task 1 by performing analytical studies to show how the input 
variables react with each other to produce conditions that 
xvould be susceptible to fire ignition. The goal of the program 
was thus to obtain knowledge which would suggest limits on the 
input variables and modifications to the internal geometry of 
the sump which would minimize or eliminate sump fires. 


1.1 Preliminary Experimental Study 


Results from a preliminary experimental study performed 
several years ago by SKF Industries on NASA Contract NAS-3-14310 
and reported in CR-121158 (3) had indicated that spontaneous 
combustion could not be obtained over the range of variables 
studied. However, simulated engine fires could readily occur 
and, in many cases, be self-sustaining over a wide range of 

*Numbers in parentheses refer to List of References at the end 
of the report . 

A ■ 
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paT'ameters when an ignition source, in this case an electric 
spark ignitor, was present. Other significant results were as 
follows ; 

Ignition from rubs by labyrinth seals and other component 
materials were shown to cause sump fires. Bearing skidding 
and excessive seal interferences are potential fire ignition 
sources and suggest that accidental fires in engine sumps may 
well arise from these causes. 

Fire ignition is sensitive to location of ignition source 
and/or variations of mixture conditions within the sump area. 

It is likely that significant real differences in air-oil 
ratios exist in the various parts of the sump, making it dif- 
ficult to achieve significant data on air-oil ratios. Oil 
degradation products indicated that sump fires begin in local- 
ized small regions of the sump and are thus influenced and 
controlled by baffles. Combustible volume grows slowly with 
the duration of the fire in response to local gas and oil mass 
flow conditions. 

Nitrogen blanketing was effective in the immediate 
extinguishing of every test run fire once the fire had been 
detected . 

A fire-baffie (Monel sheet) mitigation device on the hot 
side of the bearing not only prevented fire propagation, but 
also prevented bearing thermal seizure due to hot (922‘’K; 

1200°F) gas flow directly into the bearing. Such baffles have 
practical significance. 

Freon- ll3 flame snuffer injected into the lubricant flow 
was only marginally effective in controlling fires. 

1. 2 Flammability Background 

Background subjects considered important in the study of 
sump fires include: 1) basic conditions necessary for fires to 
start, 2) the flammability limits for hydrocarbon lubricant 
vapors, 3) the importance of engine sump sealing systems, 4) 
and engine operating parameters that affect fires. A brief 
discussion of these subjects are presented here to provide a 
background and better understanding of the problem for the 
reader. Extensive information on the subjects of burning of 
hydrocarbons and their flammability limits are presented in 
references 4 and 5 which in turn ist many additional references. 
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Three basic conditions are considered to be necessary in 
an aircraft engine oil sump for fires to occur. First of all, 
there must be adeo,uate air and oil so a combustible mixture 
of oil vapor and air, or of fine oil mist and air can be 
formed. If there is insufficient oil vapor in the mixture (too 
lean) or excessive oil vapor in the mixture (too rich) , a fire 
cannot start. Data from reference 6 show that for a MIL-L-7808 
(type I ester) lubricant, fires cannot be ignited in static 
conditions if air-oil weight ratios are above 29 to 1 or below 
5 .5 to 1 . 

Secondly, the oil temperature must be above a critical 
value so sufficient oil vapors are formed to produce a com- 
bustible mixture or a self-sustaining flame (one which continues 
to burn in the absence of an ignition source). Under static 
conditions, these are referred to as the flash point and fire 
point. It is also possible that very fine mist of droplet 
sizes less than 10 microns ivill react as though' it were an oil 
vapor with respect to fire ignition (6) . At temperatures 
above the autoignition temperature (AIT) , no external ignition 
source is required to start a fire. For the type II ester 
oil used in this program the flash point, fire point, and auto- 
ignition temperatures are 525°K (485®F) , 558°K (545°F) , and 
705OK (810°F) , respectively. 

Thirdly, there must be the presence of an ignition source 
of sufficient energy level when the mixture temperature is below 
the AIT. Ignition sources include friction sparks and component 
surfaces heated by frictional rubbing, as well as hot chamber 
walls. Primary ignition sources within a sump are frictional 
heating of failed bearings, contact seals, and other rubbing 
parts . 

The concept of flammability limits for lubricant vapors 
is important. At a given system temperature and preissure, 
there is an upper ratio and a lower ratio of oil vapor to air, 
known as the upper flammability limit (UL) and the lower 
flammability limit (LL) , respectively, within which self- 
sustaining or self-propagating flames can be produced by an 
ignition source. At oil concentrations above the UL, the 
mixture is said to he too rich to burn; below the LL, it is 
too lean to burn (5, 6). 
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It is worth emphasizing that it is the oil concentration 
in the vapor state that defines the flammability of the oil- 
air mixture. The maximum concentration of oil vapor is deter- 
mined by its equilibrium vapor pressure at any given temperature 
The equilibrium oil-air ratio by volume is therefore the ratio 
of the vapor pressure of the oil to the air pressure in the 
chamber. The air flow rate can also affect the residence time 
that oil droplets, generated by the oil jet impinging on the 
bearing, will remain in the sump and thus the time period 
afforded the droplet to reach the temperature where it will 
evaporate or reach temperature equilibrium with the air. The 
air velocity can also determine if a fire will be self-sustain- 
ing. If the air velocity is greater than flame velocity the 
flame will be carried out of the sump with the air and thus the 
fire will go out when the ignition source is eliminated. 

Maximum burning velocity is achieved \vhen a stoichiometric 
ratio Cg of oil vapor and oxygen exist in the chamber. This 
ratio is equivalent to the molar ratio of oil and oxygen in the 
balanced chemical equation for complete combustion of the oil. 
The stoichiometric ratio is always within the flammability range 
of the oil. It has been shown for many hydrocarbons that at 
2970K (75°F) 


LL297«j( (75°k) = O.SSCg 1 

UL297"^K (75°K) = 4.8Cg 2 

The flammability range increases with temperature according to 
the following equations: 

LL-p = LL297 °k x 10"^ (T-297^ 

3 

LL-p = LL 75 OP X 10 "^ CT-75)]- 

ULx = UL297 °k : [1 + 7 .2 X lo""^ (T- 297^ 

^ 1 ■ ^ 

ULx = UL750p|l+4 X lO""^ (T-75;y ^ ^ ^ 
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By definition, oils will not burn below their flash point. 
Therefore, for oils with flash points higher than 297 K (75 F) , 
the LL and UL at 297*K (75‘*F), calculated from equations (1) 
and (2) , have no physical meaning but can be used in equations 
(3) and (4) to estimate flammability limits above the flash 
point. The calculated LL line should intersect the vapor 
pressure -temprature curve near the flash point of the oil, and 
this temperature, T. , is defined as the lower flammability 
temperature at equilibrium vapor pressure conditions . Similarly, 
an upper flammability temperathre Ty exists where the calculated 
UL line intersects the vapor pressure- temperature curve. 

1.5 Importance of Engine Sump Sealing • 

The potential fire conditions in an aircraft engine are 
greatly influenced by the efficiency of the engine sump sealing 
system. Figure 1 is a cross-sectional view of the slump for 
a typical engine bearing compartment. The essential problem 
is to protect the bearing sump from the hot environment, which 
is compressor discharge air at temperatures to 922‘*K (1200®F) 
and pressures to 242 N/cm .(350 psi) . (The compressor discharge 
air is used to cool the high-pressure- turbine disks) . A bujcfer 
type of seal system is used and this requires three sets of 
labyrinth seals on each side of the bearing. Figure 2 is a 
simplified schematic ‘of this sealing system. The buffer gas 
is seventh-stage compressor bleed air with a relatively low 
pressure of 55 N/cm (80 psi) and temperature of 478®K (400°F) ; 
therefore, it can be allowed to leak through the inner labyrinth 
seal directly into the bearing compartment. This buffer gas 
thermally insulates the bearing compartment. The ibuffer system 
requires an overboard vent. The buffer gas flowing into this 
vent prevents the hotter compressor discharge air from getting 
into the bearing compartment. In some engines, the labyrinth 
seals next to the bearing compartment have been replaced with 
face-contact seals. This reduces leakage and results inlower 
specific fuel comsumption. However, failure of either the labyrinth 
or face-contact seals could create conditions that would result 
in a sump fire (i .e ., a rubbing friction ignition source and 
a hot air-oil mixture) . This fact stresses the importance of 
developing better and more reliable seals that could reduce 
the probability of sump fires occurring. 
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1.4 Engine Operating Parameters Affecting Fires 

The basic parameters that control fire conditions in an 
engine bearing sump are considered to be; 

(1) Oil flow rate into the sump 

(2) Oil inlet temperature 

(3) Air leakage rate to the sump 

(4) Air inlet temperature 

(5) Shaft or bearing speed 

(6) Ignition source and duration 

Other paramete rs , such as sump volume and geometric configuration 
as well as bearing, shaft, seal, and housing temperatures and 
lubricant flammability, can also affect sump-fire susceptibility. 
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2.0 TEST FACILITY 

All tests were performed in an existing NASA owned high 
speed bearing test rig modified to accomodate the requirements 
for the fire study. The rig operates with an SKF owned drive, 
oil and air systems and controls. The basic test equipment 
is shown diagrammatically in Figure 3 and consists of the fol- 
lowing components: 

Test Rig 

Drive System 

Hot Air System 

Lubrication System 

Nitrogen Purging System 

Instrumentation 

Fire Ignition System 

Oil Recovery System ' 

2 . 1 Test Rig 

The basic test rig is designed to simulate aircraft engine 
mainshaft designs by avoiding thick sections in the shaft and 
bearing housings and by introducing f le xible sections between 

the main rig outer housing and the bearing outer rings. This 

flexibility is intended to simulate to some extent the self- align- 
ing ability of current aircraft engine bearing mounts . A drawing 
of the cross-section of the test bearing and sump area of the 
test rig is presented in Figure 4. 

The test rig consists of a 0.3 meter (12 inch) diameter 
cylindrical housing in which a hollow shaft of approximately 
0.13 meter (5 inch) maximum diameter is supported by the test 
bearing at one end and a cylindrical roller (rig) bearing at 
the other. The housing itself is mounted in a horizontal position 
above a table by means of a special support system which main- 
tains the center line height and parallelism with the table 
while freely permitting both radial and axial thermal expansion. 
This arrangement is best shown by the isometric sketch in Fig- 
ure ^ 5'.. ■ /■ 

The pedestal is positioned in the plane of the test bearing 
for optimum' rigidity and the sliding ring in the plane of the 
roller bearing. The pedestals are bolted securely to the rig 
table and also do we lied to maintain alignment. 
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The inside o£ the rig is divided into three basic compart- 
ments; 1) Hot air chamber 2) Test bearing chamber 3| Rig bearing 
chamber, see Figure 4. 

The hot air chamber is that space forward of the bellows 
seal and is maintained at a pressure necessary to supply the 
thrust load to the test bearing and hot air flow into the test 
bearing chamber during lift-off of the bellows seal for fire 
ignition attemptb. Three pneumatically actuated rams which 
provide lift-off or opening of the bellows seal are mounted 
circumferentially at 180° increments on the forward pedestal 
and the actuation linkages enter the hot air cavity through 
flexible metal seals, see Figure 6. 

Tlie test bearing chamber (bearing sump) is that space 
between the bellows seal and the circumferential seal and pro- 
vides the environment in which fire ignition ■ takes place. This 
chamber accomodates a 125 mm bore ball bearing (test bearing) 
mounted in a I housing and two lubricant feed rings, one on 
either side of the bearing. A hot air baffle plate, see Figure 
6, used to retard the hot air flow directly on to the bearing 
during bellows seal lift-off, is mounted outboard of the lubri- 
cant ring located forward of the bearing. Two oil drain holes 
are located at the base of the chamber housing, one on either 
side of the bearing and a hot air exhaust port approximately 
45° from the top on the outboard side of the baffle plate. 

the rig bearing chamber, that space between the circumfer- 
ential and rig seals, contains the roller (rig) bearing which 
supports the back end of the shaft, the lubricating ring for 
the rig bearing, the rig bearing housing, and the lubricant 
drain port . 

Both the ball and roller bearings used to support the 
rotating shaft are mounted in I shaped housings to provide 
sufficient flexibility to minimize shaft^ to-housing misalignment 
forces produced by uneven thermal gradients. The bearings are 
mounted to the shaft through a specially designed sleeve which 
compensates for unequal thermal growth between the shaft and 
bearing bore. This prevents excessive mounting stresses and 
deflections which would affect the internal clearance in the 
bearings . 


15 
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2 . 2 Drive System / ' ' ' 

The test rig Shaft is driven by a motor and jackshaft 
assembly. The? variable speed, 50 HP DC drive motor is mounted 
on an adjustable base and drives the jackshaft through a flat 
belt. The jackshaft unit consists of a hollow shaft mounted 
in matched pairs of preloaded angular contact bearings at each 
end with a 0.076 meter (3 inch) diameter removable pulley at 
the center. The bearings are supported in steel pillow blocks 
bolted to a rigid base, and are lubricated by a circulating 
cold mineral oil supply fed to the top cap of each bearing. 

The rig shaft is connected to the jackshaft by a flexible 
coupling. The other end of the jackshaft drives a tachometer 
through a small flexible coupling. The jackshaft like the rig 
shaft is dynamically balanced for high speed operation. A 
schematic of the drive system is presented in Figure 7. 

2.3 Hot Air System 

The air flow commences with an air compressor which has 
a rated output of 2.57 scmm (9lscfm) at 1.4 x 10 newtons/ 
sq. meter (200 psig). Air feeds directly to a dryer and filter 
column which reduces the moisture content to a 228°K (-50°F) 
dew point and the hydrocarbons to 13 parts per million. This 
clean, dry air then passes to a 0.566 cubic meters (20 cu. ft.) 
receiver and hence through a shut-off valve and to a pressure 
regulator. A pneumatic servo control on this regulator main- 
tains the desired pressure in the rig air chamber. The regul- 
ated air then passes through a 45 kw electrical heater in which 
the air passes through approximately 6.7 meters (22 ft.) of 
316 stainless steel tubing which is radiantly heated by the 
electric elements, and hence to the rig hot air chamber. 

The output of a thermocouple mounted in the hot air line 
between the heater and rig is fed to the electrical input con- 
trols of the 45 kw heater so the desired ten|perature can be 
maintained. 

Air entering the hot air chamber of the rig is either 
exhausted through a pneumatically actuated hot air chamber I 
exhaust valve and/or through the bellows seal into the bearing 
chamberywhere it exhausts through a hot air port. The air 
passing through the test bearing chamber passes through a flow 
meter before being exhausted external of the test cell through 
a stack.. . 
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2.4 Lubrication Systems 

The 125 mm bore ball bearing (test bearing) and the 
roller bearing (rig Ibearing) are lubricated by separate lubri- 
cation systems. This arrangement was implemented to minimize 
the safety hazard by using a non-flammable fluid (Drytox) for 
lubricating the rig bearing and thus preventing the propa- 
gation of fires from the test bearing chamber into the rig 
bearing chamber i The test bearing lubrication system was 
purchaged from Ar Dervares Company in accprdance with SKF 
specifications and consists of the following components. 

Oil Storage and Heating Tank 
Filter Unit 
Lubrication Pump 
Bypass Valve 
Scavenge Pump 

The test oil is stored and heated by electrical resistance 
heaters in a 0.057 cu m (15 gallon) capacity, thermally in- 
sulated tank with a level indicator and oil temperature sensor. 
The oil is pumped from the storage tank through stainless 
steel tubing into a Filterite, six element 10 micron (absolute) 
filtering unit by a Viking model 64724 gear pump driven by a 
\ HP constant speed AC motor. The oil then passes through a 
Cashco model 460 bypass valine allowing excess oil to return to 
the storage tank. The oil flowing to the test rig then passes 
through a pneumatically actuated, variable orifice, flow 
control va lye and then through a Brooks model 103623w- 5 510A 
flow meter. The oil leaving the flow meter is divided equally 
intp two paths each entering one of the two oil manifold rings 
inside the rig. Each oiT manifold ring contains ten equally 
spajced nozzles, see Figure 6, (four nozzles plugged to increase 
jet' velocity) which direct the oil flow against the bearing 
sides. A Viking gear pump, model HL 4724, driven through a 
variable speed drive by a 3/4 HP AC motor scavenges the oil 
from the bearing chamber. 


The lubrication system provided for the rig bearing is 
similar in design to the test bearing system with the 
exception that different components are used and no scagenge 
pump is incoiporatod in the return line (gravity feed only). 
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2.5 Nitrogen Purging System 

The need to provide an inert gas for purging fires in the | 
test rig was accomplished by piping a nitrogen supply line 
directly into the test bearing chamber. The nitrogen is supplied 
from five standard nitrogen tanks connected to provide a large 
supply of nitrogen gas. A spring loaded quick release valve in 
the line permits rapid injection of the gas into the bearing 

chamber . i( 

7 ) 

2.6 Instrumentation 

The test rig was instrumented to measure the following 
parameters: 

Hot Air Chamber Pressure 
Hot Air Inlet Flow Rate 
Test Bearing Oil Inlet Flow Rate 
Rig Bearing Oil Inlet Flow Rate 
Test Bearing Oil Scavenge Rate 
Test Bearing Oil Inlet Temperature 
Hot Air Inlet Temperature 
Bearing Outer Ring Temperature 
Shaft Speed 

Oil-Air Temperature in Test Bearing Chamber 

A Honeywell Model Y702X21-C39-II-III dual pen pressure 
recorder was used to measure the pressure in the hot air cham- 
bers. The recorder is located outside the test cell and is 
actuated through 0.635 cm (1/4 inch) copper tubes connected to 
the proper rig chambers. In addition to the recorder, two 
pressure transducers send electrical signals proportional to 
pressure to meters located on the instrument console. 

The hot air inlet flow rate was measured by a Brooks 
Rotameter model 1140 which is located in the exhaust line from 
the sump . 

The test bearing and rig bearing ; lubrication flow rates 
were measured just prior to the lubricants entering the rig. 

The test and rig bearing lubricant flow rates were measured by 
a Brooks Armored Rotameter model 103623w- 5510A and a Brooks 
Rotameter model 1110-0903PB1A respectively. 
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The oil scavenge flow rate from the test bearing chamber is 
fixed by the shaft speed of the Viking gear pump model HL4724. 

A calibration of the shaft speed with respect to the variable 
speed drive control was performed prior to testing and there- 
after the I scanvenge rate was established by the setting on the 
variable speed drive. 

All required temperature measurements were made with iron- 
constantan thermocouples except the seven thermocouples located 
in the sump which were chromel-alumel . The chromel-alumel 
thermocouples were connected directly to Honeywell strip chart 
recorders. All the other thermocouples were attached to a 
patch panel, outside the test cell, from which they were 
connected to a Honeywell strip chart recorder for a continuous 
record or an Esterline Angus multipoint recorder which records 
each point approximately once every 72 seconds. During fire 
study testing, the hot air inlet temperature and the hot air 
exhausting from the bearing chamber were recorded on the strip 
chart while all other temperatures were recorded on the multi- 
point recorder. 

The shaft speed was controlled manually by a variable -speed 
drive and the speed monitored by a tachometer-generator mechan- 
ically coupled to the test shaft and producing electrical 
impulses proportional in number to the rotational speed of the 
shaft. The output signal was presented on a Hewlett Packard 
electronic counter model 521CR in cycles per minute. 

2.7 Fire Ignition System 

Two different types of fire ignition devices were incor- 
porated into the test rig to aid in the generation of fires. 

The primary system installed was a spark generator actuated by 
a 10,000 volts, 23 ma AC signal produced by a Jefferson Electric 
Comapny Ignition transformer operating from a 120 volt 60 cycle 
input. Two spark generators were installed through the rig 
housing into the forward section of the sump. The ignitor 
tips were positioned to produce sparking to the hot air baffle 
plate at approximately 4 and 10 o’clock. An ammeter was 
installed into the primary circuit of the transformer to detect 
sparking. The location of the spark ignitors, sump thermo- 
couples, and hot air exhaust port are shown in Figure 8. 


FIGURE 8 

LOCATION OF THERMOCOUPLES, EXHAUST PORTS AND SPARK IGNITORS 

A Exhaust Ports Locations 

# Spark Ignitor Locations 

O Location o£ Thermocouples 

In Plane 0.64cm in Front of Baffle Plate 

• Location of Thermocouples . 

In Plane 3.8cm in Front of Baffle Plate 


340° 40° 



Oil Drain 
Port 
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2.8 Oil Recovery System 

The high rate of test oil loss, carried by the hot air 
exhausting from the bearing chamber, during the testing 
dictated the use of an oil recovery system. The system 
incorporated a large .91x.61m (3x2 ft) separator tank 
assembled onto the bearing chamber hot air exhaust line and 
a 'return line attached directly to the test bearing lubrica 
tion supply tank. The large size of the tank and a baffle 
plate located between the inlet and exhaust parts converts 
tlje high velocity of the gas carrying the oil to a static 
pijessure allowing the oil to migrate to the bottom of the 
tank. The separated oil accumulated in the bottom of the 
tank was returned to the supply tank by a positive displace 
ment pump located on top of the tank. The hot air flowing 
through the tank prevents excessive cooling of the oil. 
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3.0 TEST MATERIAL 


All tests on this program were performed with a lubricant 
hjaving an ester-base formulation meeting the MIL-L-23699 
specifications. In its present formulation more stable base 
sitock components have been used which were not previously 
available. This lubricant was chosen because of its wide 
ujsage in gas turbine engines for bearing lubrication. The 
lubricant has a flash point temperature of 525 (485° F) , a 

fire point temperature of 558 (545 °F) , and an autoignition 

temperature (AIT) of 705°K (810OF) . The following other 
properties were either acquired from the vendor or approxi- 
mated by calculations ibased on a singular molecular structure 


Molecular Weight -gms/mole 

2 

Vapor Pressure - N/m 
(pisa) 


Specific Heat of Liquid Fuel-J/kg*'K 

(Btu/lb/F) 


Specific Heat of Gaseous Fuel-J/Kg‘’K 

(Btu/lb '’F) 
m 

Enthalpy of Formation of Liquid Fuel 

T / ** V 

(Btu/lbjjj) 

Enthalpy of Formation of Gaseous 
Fuel - J^K (Btu/lbj^) 


556 

46.2 at 490“K 
(0.0067 at 425*F) 
137. ,9 at 518"K 
(0.0|2 at 475"F) 

j 

22461 at 310*’K 
(0.536 at IQO^’F) 
2351 at 421 K 
(0.561 at 300® F) 
1886 at 505‘’K 
(0.450: at 450®F) 

1257 

(0.3) 

118,8 X 10^ 


(6250) 

1204 ^ 2 ^K^°^ at 
(6330 at 300®E) 
121. X 1 X 10^ 

at 478‘"K ^ 
(6375 at 400 F) 
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4.0 TESTING PROCEDURE 


; Testing was initiated after obtaining the desired inlet 
parameter conditions, shaft speed, and the temperatures had 
remained stable in the bearing chamber for approximately ten 
mijnutes. With the desired air and oil flow into the bearing 
chamber, the spark ignitor (the ignition source) was then 
activated until a Ifire was ignited or for a maximum period of 
60 seconds if a fire was not ignited. If the fire was not 
s^lf -extinguishing when the ignitor was turned off, the 
nitrogen purging system was activated and the bearing chamber 
purged with nitrogen gas. In either case, fire or no fire 
ignited, the next fire ignition attempt was performed either 
with the second ignitor or after one or more of the input 
variables were changed and stabilized temperatures obtained. 

The specific test parameter or combination of test parameters 
changed between each ignition attempt varied for each individ- 
ual test. 

The parameter ranges i investigated during the testing were: 

‘ ' 'c ■ ' e 

Test oil inlet temperature 353-467 K (175-380 F) 

Test oil flow rate 0.23-0.57 m^/hr (1-2.5 

I gpm) 

Hot' air temperature entering ^ 

hot air chamber - 622-833*^K (660-1040*^F) 

Hot air flow rate through 7-48 std m^/hr 

bearing chamber - (4-28 scfm) 

Test bearing' outer ring 408-528 K (275-490 F) 

temperature 

i Shaft rotational speed 14,000 rpm - 

i The following procedure was followed to bring the test 
rig to test conditions. 

Air^compressor started and pressure adjusted to 
131-138 N/cm2 (190 -200 psi) . 

2. Temperature controller for test bearing and rig 
bearing storage tanks set at 533®K (500^F) and 339**K (150*’F) 
respectively. Circulation started of test bearing oil through 
filter, pump and bypass valve, Immersion heaters in test :■ 
bearing storage tank activated and rheostats adjusted to 
obtain a current of 12 amps in each heater. Rig bearing 
lubricant heaters are automatically actuated when controller 
is set. 
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3. When test oil temperature reaches 410 K (280 F) , 
hot air flow initiated through the test bearing chamber. 

Air temperature controller set at 533^K (500°Fj and flow rate 
adjusted to 34 t o 51 stdm^/hr (20 to 30 scfm) by regulating 
hot air manifold pressure. The hot air flow aids in warning 
the rig components and the oil -air separator tank to minimize 
oil cooling when circulation through the rig is initiated. 

4. Circulation of test oil and rig bearing oil started 
through rig when test oil reaches desired temperature. Test 
oil flow rate adjusted to desired flow rate. 

5. Jack shaft lubrication system turned on. 

6. Shaft accelerated slowly to a speed of 14,000 rpm. 

7. Hot air temperature set at desired level. 

8. Operation continued until test conditions obtained. 
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5.0 TEST RESULTS AND DISCUSSION 

A total of four test series were conducted. Each individ- 
ual test run was performed to evaluate the possibility of 
igniting fires within a given range of input parameters and a 
given sump configuration. Test Series 1 was performed with the 
initial baffle plate configuration which consisted of a 0.76 mm 
(0.030 inch) thick monel sheet attached to the outboard lubri- 
cation ring. The baffle separated the outboard section Of the 
bearing; sump into two sections with a 3.2 mm (.125 inch) radial 
gap around the shaft and 645 sq. mm (1 sq. in.) hole located 
on the outer edge at 6 o'clock providing the only flow paths 
between the two sections. The bearing lubricant entered the 
sump on the inboard side of the baffle and the hot air entered 
and was exhausted on the outboard side of the baffle. The test 
series consisted of five test runs with a total of 60 fire 
ignitions attempted. 

Test Series 2 was performed with a modified baffle which ■ 
eliminated the 645 sq, mm (1 s q. in.) opening and decreased the 
circumferential gap to a 0.35 mm (0.014 in.) width. In addition, 
an oil flinger was located on the shaft inboard of the baffle 
to fling the oil away from the gap and thus further decrease the 
amount of oil mixing with the hot air entering the sump. Two 
test runs were performed with 49 attempts made to ignite fires 
under input parameter conditions similar to those used in test 
Series 1 . 


Test Series 3 and 4 were both performed with the same 
baffle configuration as Series 2 with each test run starting 
with relatively low biixture temperatures in the sump and then 
more severe conditions imposed (higher mixture temperature) by 
increasing the inlet oil and/or air temperatures, 'Test Series 
3 and 4 consisted of three runs each with a total of 79 fire 
ignition attempts in Series 3 and 52 in Series 4:. ■ 


This section is presented in the chronological order of the 
testing. The considerations for performing each test, the 
methods used to interpret the results, and the conclusions 
reached also follow in the order of testing. 


5.1 Test Series 1 


The purpose of test Series 1 was to evaluate the possibility 
of igniting fires over a wide range of input parameter values 
(oil and air temperatures and flow rates) and determine if 
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various combinations could be detected which produced conditions 
in the sump which were conducive to fires being started by the 
electric spark ignitor, - 

Series 1, Run 1 

The first run was performed with a simulated compressor air 
leakage rate into the bearing sump of 18-20 stdm'^/hr. (11-12 
scfm) which is considered to be representative of leakage through 
a labyrinth seal. This produced approximately 220 to 240 air 
changes per minute in the bearing sump. The extreme values 'of 
the input variables and resulting bearing and mixture temper- 
atures were: 

Hot air flow rate^through sump - 18.7-20.4 stdm^/hr (11-12 

scfm) 

Hot air temperature entering 

hot air chamber j 725-745 K (843-880 F) 

Oil inlet temperature 438-45 K (330-350 F) 

Oil flow rate - 0 . 23 -0 .46 m^/hr . (1 -2 gpm) 

Bearing outer ring temperature 443-494 K (339-430 F) 

Temperature at ignitor 

(mixture temperature) 522-539 K (480-510 F) 

In: 10 of the 16 activations of the spark ignitor, fires 
were started. However, the propogation of the fires was 
relatively slow and none were self-sustaining. Conditions 
around spark ignitor number 2 (4 o'clock) were more susceptible 
to fire Ignition over the range of conditions tested as 
evidenced by only two fires out of eight attempts being started 
at iignitor 1 while fires were ignited in each of the eight 
attlemps using ignitor 2. The two fires that were started by 
ignitor 1 occurred when the most severe conditions (highest 
oil and air inlet temperatures) were imposed. 

Series 1, Run 2 

The second run was .performed to evaluate the possibility 
of igniting fires when the simulated air leakage rate and the 
air temperature entering the hot air chamber were increased. 

The air leakage rate was increased first to 40.8 stdm-^/hr, 

(24 scfm) and then 47.6 stdm^/hr. (28 scfm) which are con- 
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sidered to be representative of air flow rates through either 
a damaged labyrinth or face seal. The extreme values of the 
test variables were: 

Hot air flow rate through sump 

Hot air temperature entering 
hot air chamber 

Oil inlet temperature 433-444*K (320-340^F) 

Oil flow rate 0.23-046 m^/hr il-2 

gpm) 


40.8-47.6 stdm^/hr 

(24-28 scfm) ; 

i 

786-833'^K (955 - 1040*'F) 


Bearing outer ring 
temperature 


478-520 K (400-475 F) 


Temperature at ignitor 
(mixture temperature) 


588-677 K (600-760 F) 


A total of 20 attempts were made to ignite ifires. In 11 
attempts, fires were ignited, of which 8 were self-sustaining. 
With the lower of the two air flow rates 40.8 stdm^/hr. 

(24 sCfm) and inlet temperature 876“K (955‘’F) no fires could 
be started with ignitor 1 at any of the three oil flow rates 
0.23, 0.34, and 0.46 m^/hr. (1, 1.5 and 2 gpm) . Using ignitor 
2, fires were started at all oil flow rates; however, those 
started at flow ratei of 0.23 and 0 . 34 m^/hr . (1 and 1.5gpm.) 
were not self-sustaining. The fire ignited at an oil flow 
rate of 0.'46 m^/hr. (2 gpm) was self-sustaining. With the 
higher air flow rate 47 . 6stdm^/hr 1 (29 scfm) and temperature 
833fK (1040®F); self-sustaining fires were obtained with 
ignitof 1 when oil flow rates of 0,34 and 0. 46 m'^/hr. (1.5 
and 3 gpm) were supplied. No fire was started in two attempts 
when only 0.23 m^/hr (1 gpm) of oil was supplied. Using 
spark ignitor 2, self-sustaining fires were started at all 
tnree supply rates . 


In general, the results of run 2 indicated, even thoughi 
the percentage of fires ignited was less, that the combined 
higher air flow rates and temperatures resulted in conditions: 
susceptible -to self-sustaining fires. The test data also I 
indicated, that under the more severe conditions, the quantity 
of oil supplied to lubricate and cool the bearing had a 
definite effect on fire ignition. The most susceptible con- 
dition for fire ignition resulting from the higher oil flow 
rate'.. ' ' 
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Seriss 1, Run 3 

The purpose of the third riin was to further evaluate the 
ignition of fires at the high air flow rate, but with a lower 
air inlet temperature. In addition, the effect of shaft or 
bearing speed on the conditions within the sump were checked. 

A total of 9 attempts were made to ignite fires using only 
spark ignitor 2. The extreme values of the test variables 
were : 

Hot air flow rate through 

sump - 47.6 stdm^/hr. (28 scfm) 

Hot air temperature enter- 
ing hot air chamber - 732-788°K (860-960°F) 

Oil inlet temperature - 421-439^K (300-330°F) 

Oil flow rate - 0.23-0.46 m^/hr. (1-2 gpm) 

Bearing outer ring 

temperature - 455-500°K (360-440°F) 

Temperature at ignitor ^ 

(mixture temperature) - 561-622°K (550-660°F) . 

With all conditions held essentially constant, except 
for the bearing temperature which increased from 732 to 743°1C 
(360-380°F) due to the speed increases, fire ignitions were 
attempted at shaft speeds of 7,000, 10,500, and 14,000 rpm. 

At 7,000 rpm, no fire could be ignited, At 10,500 rpm a 
temperature increase and decrease of approximately 56°K (100°F) 
was noted three times during the 60 second spark ignition act- 
uajtion, indicating that a mild fire was being ignited, but could 
not sustain itself even with the ignition source retained. At 
14,000 rpm, a self-sustaining fire was ignited. During this 
incremental speed increase period, the mixture temperature at 
the spark ignitor decreased from 622°K (660°F) to 594^K (610°F) 
and then to 572°K (570°F) even though the oil flow rate was 
maintaiiied at. 0,46 m^/hr. (2 gpm) and the air inlet temperature 
was held constant, This condition indicated that the increased 
speed resulted in a greater dispersion of oil and thus more 
heat removed from the air as oil vapor was formed. It is also 
feasible that the lower measured temperatures were due partially 
to .more oil droplets impinging bn the thermocouple. 
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Following the speed effect evaluation, the air inlet 
temperature was reduced from 786°K (955°F) to 730°K (870®F) 
while maintaining the high air flow rate through the sump. 

A self-sustaining fire was readily ignited with an oil flow 
rate of 0.46 m^/hr. (2 , gpm) . At an oil flow rate of 0.34 m^/hr. 
(|1.5 gpm) fires. _.were ignited in both attempts; however, they 
were not self-sustaining. With 0.23 m^/hr. (1 gpm) of oil 
supplied, fires were not ignited in two out of three attempts. 
As the oil flow rate was reduced in the steps listed above, 
the mixture temperature increased first from 560°K (550°F) to 
588°K (600°F> :and then to 617°K (650°F) . This increase in 
temperature indicated that less oil was mixing with the air as 
the oil flow rate was decreased. 


The results of this run showed that a drop in the hot air 
inlet temperature of approximately 56°IC . (100°F) had little or 
no effect on the susceptibility to fire ignition when- the air 
flow rate was high. However, the variation in the oil flow 
rate, as well as the increased dispersion due to: increased bear- 
ing, speed substantiated the evidence observed in Run #2 which 
suggested that the mixture was too lean to burn when low oil 
flow rates were supplied. It is also feasible that at the 
higher oil flow rates and higher bearing speeds the oil disper- 
sion was not only greater, but the size of the droplets formed 
were smaller thus permitting a greater transfer of heat to the 
oil and thus greater evaporation. 

Series 1 , Run 4 

The purpose of Run ^4 was to evaluate the influence of 
lower inlet oil itemperatures bn fire ignition. The test run 
was performed with a high air temperature entering the hot air 
chamber and initiated with a low bil temperature which was 
increased in incremental steps between fire ignition attempts. 
The extreme values of the test variables were: 

Hot air flow rate through 

sump ^ v-:: 37.4-44.2 stdm^/hr . (22-26 scfm) 

Hot air temperature i 

entering hot air chamber - 800-816°K (980-1010°F) 

Oil inlet temperature - 352-418°K (175-295°F) ^ 

Oil flow rate - 0.34-0.46 m^/hr. (1.5-2 gpm) 

Bearing outer ring u ^ 

temperature - 416-468°K (290-385°F) 

Temperature at ignitor 

(mixture temperature) - 482-583°K (410-590°F) 
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A total of eight attempts were made to ignite fires using 
ignitor 2 in all cases. In the first four attempts > during which 
the oil inlet temperature was increased from 352®K (175°F) to 
400°K (260°FX in approximately 15°K (27°F) increments, no fires 
could be ignited. In the next four attempts, during which the 
oil inlet temperature was maintained .at approximately 419°K 
(293°F) non self-sustaining fires were ignited in all cases even 
though the oil inlet flow rate was decreased from 0.46-0.34 m‘^/hr. 
(2-1.5 gpm) for the final two ignitor actuations. However, the 
non self-sustaining fires were less severe (low temperature 
increase) with the lower flow rate and the mixture temperature 
increased 22°K (40°F) . The test data also showed that wliile 
maintaining the air inlet temperature to the hot air chamber at 
approximately 810°K (1000°F) the mixture temperature at the 
ignitor increased i39°K (70°F) while the oil inlet temperature, 
was increased 36°K (65°F) ; thus showing the effect of a change 
in oil temperature. ■ 

The results of run 4 showed that a low oil inlet temperature 
prevented conditions within the sump from reaching a state where 
fires could be ignited. The results also showed that the oil 
inlet temperature had an appreciable influence on the mixture 
temperature and once again indicated that decreasing the oil 
flow rate resulted in conditions less susceptible to fires. 

Series 1 , Run 5 

Test run 5 was performed to evaluate if conditions within 
the' sump were less susceptible to fire ignition when the air 
flow rate was representative of that which would occur when a 
properly operating face seal was used between the compressor 
discharge air and the oil sump. The extreme values of the test 
variables used in this run were; 

Hot air flow rate through sump - 6.8-13.6 stdm /hr. (4-8 scfm) 

Hot air temperature entering 

hot air chamber !- 744-805°K (880-990'^F) 

Oil inlet temperature -, 438-460°K (330-370°F) 

Oil flow fate - 0.23-0.46 m^/hr. (1-2 gpm) 

Bearing outer ring 

temperature - 489-510°K (420-460°F) 

Temperature at ignitor 

Cmixture temperature) - 522-545°K (480-S20°F) 
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A total of seven attempts were made to ignite fires using 
ignitor 2 in all cases. Two ignition attempts were made with oil 
flow rates of 0.34 and 0.46 m^/hr. (1.5 and 2 gpm) and three 
attempts with 0.23 m^/hr. [1 gpm). In all cases very mild fires 
were ignited, evidenced by 6-110°X (10 to 200°F) temperature 
increases in the sump, v^hich were not self-sustaining even with 
the ignitor continuously activated. 

The results of this run indicated that conditions within the 
sump were not as susceptible to fire ignition when the air leakage 
rate was maintained at a low value or at a value which would be 
expected when a properly operating face seal is used. 

Test Series 1 Summary 

In order to obtain a better physical picture of what was 
occurring within the sump, the temperatures imeasured at each of 
the thermocouple locations, see Figure 8, just priori to and 
following an attempted fire ignition Were tabulated for each run, 
see Tables 1-5. In addition, plots were made of the temperature 
data before and after a fire ignition (either self-sustaining 
or non self-sustaining) for one attempted ignition at each of the 
three oil flow rates for the first three test runs, see Figures 
9-12. 

The most obvious information observed from the tables is the 
drop in the hot air temperature while passing through the hot 
air chamber and the bearing sump before reaching a thermocouple 
location. This decrease in temperature is obviously the result 
of heat transfer to the ...surrounding metal and the oil. It is 
also observed that the -mixture temperature at each thermocouple i 
location v/ithin the bearing sump differs, with the temperatures 
at the air and oil exhaust ports (azimuth location of 70° and 
180° respectively) being generally lower. This is the result 
of a greater quantity of heat being transferred from the air to 
the oil making the mixture temperature lower just before it 
exhausts from the sump (longer residence time of oil drops in 
air) . 
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^ Ignition 

Actlrated 

Baanlt 

(»F) 

(gpa) 

14,000 

1 

1 

•NF 

325 

X 

14,000 

2 

I 

NF 

320 

1 

14,000 

3 

2 

NF 

335 

1 

14,000 

4 

2 

NSSF 

325 

1 

14,000 

5 

2 

NSSF 

330 

1.5 

14,000 

6 

2 

NSSF 

340 

1.5 

14,000 

7. ■ 

1 

NF 

330 

1.5 

14,000 

8 

1 

NF 

335 

1.5 

14, 000 

9 

1 

NF 

325 

2 

14,000 

10 

2 

SS 

335 

2 

14,000 

11 

2 

ss 

335 

2 

1 4 , 000 

12 

1 

NSSF 

326 

2 . 

14,000 

13 

1 

SS 

325 

2 

14,000 

14 

. ■ ! 1 

SS 

330 

2 

14,000 

15 

i 2 

SS 

335 

2 

14,000 

16 

'2 

SS 

330 

1.5 

14,000 

17 

' 1 ■ 

SS 

330 

1.5 

14,000 

18 

1 

NF 

335 

1 

14,000 

19 

1 1 

NF 

335 

1 

14,000 

20 

2 1 

SS 

335 

1 


Rot Air 

Air Flow 




Mixture 

Teap. 

Inlet Taap. 

Bata 






(®F) 

( sefa) 

40* 

40*+ 

70* 

70 

130* 

955 

24 

660 

680 

530 

530 

630 

955 

24 

680 

680 

520 

520 

620 

960 

24 . 

660 

680 

. 540 

650 

640 

960 

24 

680 

710 

530 

1300 

640 

960 

24 

620 

710 

520 

1270 

600 

960 

24 

600 

730 

530 

1290 

600 

690 

24 

600 

620 

540 

540 

600 

960 

24 

600 

610 

520 

520 

600 

960 

24 

560 

560 

520 

520 

550 

960 

24 

560 

770 

520 

1600 

560 

960 

24 

560 

820 

520 

1380 

540 

1025 

28 

620 

650 

500 

580 

620 

1030 

28 

620 

750 

580 

1760 

620 

1035 

28 

600 

600 

560 

1540 

610 

1040 

28 

660 

800 . 

600 

1460 

630 

1040 

28 

640 

600 

560 

1500 

640 

1040 

28 

620 

830 

580 

1560 

640 

1040 

28 

760 

760 

540 

540 

700 

1040 

28 

760 

760 

540 

540 

700 

1040 

28 

700 

850 

560 

1600 

700 


’F) »t Back TkaraaeaaFla Laeatlka 


130-+ 

180“ 

ieo*+ 

225* 

22S»e 

3189 

SI5«+ 340* 

S40*e 

640 

•600 

610 

695 

695 

680 

680 

620 

630 

620 

600 

610 

695 

69S 

680 

680 

620 

630 

680 

600 

650 

700 

700 

680 

690 

620 ■ 

630 

750 

550 

790 ~ 

700 

700 

620 

720 

620 

750 

740 

590 

820 

690 

690 

680 

720 

500 

720 

780 

570 

900 

690 

690 

680 

760 

560 

730 

: :600 

570 

590 

660 

680 

600 

680 

560 

560 

600 

570 

590 

690 

690 

680 

680 

560 

560 

550 

520 

540 

630 

630 

660 

670 

520 

520 

1280 

540 

1300 

630 

630 

660 

830 

520 

1200 

1560 

520 

1280 

630 

630 

650 

870 

520 

1500 

620 

520 

540 

700 

700 

730 

730 

560 

560 

1110 

570 

1200 

710 

710 

740 

830 

570 

920 

1360 

570 

1120 

700 

700 

740 

850 

570 

1220 

1200 

590 

1080 

730 

730 

750 

820 

580 

1110 

1140 

600 

1110 

740 

740 

750 

820 

580 

1 100 

1500 

610 

1130 

74P 

740 

760 

870 

580 

1340 

700 

670 

670 

75* 

750 

760 

760 

680 

680 

700 

670 

600 

760 

760 

760 

760 

600 

680 

1200 

650 

1120 

750 

750 

760 

850 

62C 

1160 
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NSSF - N#b Self-SaBtalalBg Fir# 
SSF - Self-Sustaining Flrn 
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Shaft 

Atteaptad 



Oil Inlet 

Oil 

Speed 

Fire 

Igniter 


Teap., 

Flow 

trpa) 

1 

Ign i 1 1 aa 

Actiaated 

Refult 

(»F) 

(9P.a> 

7,aoo 

1 

2 

•NF : 

300 

2 

10,000 

2 

2 

NF 

310 

2 

14,000 

--■-3 

! 2 

SS 

315 

2 

14,000 

4 

2 

ss 

325 

2 

14,000 

5 

V..^2 

NSSF 

325 

1.5 

14,000 

6 

2 

NSSF 

330 

1,5 

14, 000 

7 

2 

S5 

325 

j 

14,000 

8 

2 

NF 

325 

1 

14,000 

9 

2 

NF 

330 

1 


Hot Air 

Air Flew 




Mixture 

Te.p . ( °f 

Inlet Teap. 

Bata 







( "F ) 

(tcfa) 

40° 

40°+ 

70° 

70°+ 

130* 

13o°+ 

955 

28 

700 

700 

640 

640 

660 

660 

960 

28 

580 

600 

500 

550 

610 

610 

955 

28 

500 

800 

500 

1480 

570 

1540 

860 

28 

570 

760 

520 

1370 

550 

1370 

870 

28 

610 

660 

540 

940 

590 

740 

870 

28 

610 

680 

540 

1060 

600 

760 

870 

28 

690 

710 

560 

1960 

650 

790 

865 

26 

690 

690 

550 

550 

650 

650 

860 

28 

690 

690 

560 

560 

650 

650 


at Each -Tberaoc oti ple-Loe^a 1 1 an — 


190° 

180°+ 

225° 

225°+ 

315° 

315°+ 

340° 

340°+ 

650 

650 

720 

720 

710 

710 

660 

660 

460 

540 

710 

710 

710 

710 

560 

580 



620 

620 

700 

870 

520 

1400 

540 

1210 

630 

790 

670 

840 

520 

1240 

500 

760 

670 

670 

690 

710 

540 

680 

560 

000 

690 

690 

690 

720 

540 

710 

610 

970 

690 

690 

690 

730 

620 

750 

620 

620 

695 

695 

690 

690 

630 

630 

625 

625 

695 

695 

690 

690 

630 

630 
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Shaft 

Atteapto4 



Oil Inlet 

Oil 

Hot Air 

Air Flow 




Hixtare 

Teap. 

('F) at 


Laeatiaa 



Speed 

Fire 

IgBitar 


Teap. 

Fioa 

Inlet Taap. 

H a't B : 













(rpa) 

Ignltlaa 

Aetirated 

■eiult 

CF) 

(gpa) 

(»F) 

( tcf a) 

40' 

40'+ 

70' 

70'+ 

ISO' 

130'+ 

180' 

180'+ 

225' 

225'+ 

340' 

340'+ 

14,000 

1 

2 

•NF 

175 

2l 

960 

22 

410 

410 

390 

400 

410 

410 

400 

410 

490 

490 ^ i 

300 

300 

14,000 

2 

2 

NF 

205 

2 

980 

23 

440 

460 

420 

420 

450 

450 

430 

440 

530 

530 

410 

410 

14,000 

3 

2 

NF 

230 

2 

995 

24 

490 

500 

450 

450 

400 

400 

450 

460 

550 

550 

430 

430 

14,000 

4 

2 

NF 

260 

2 

1005 

25 

530 

530 

4t,0 

400 

500 

500 

480 

490 

580 

580 

460 

460 

14,000 

5 

2 

NSSF 

295 

2 

1005 

26 


600 

500 

e5o 

540 . 

960 

520 

610 

620 

680 

500 

860 

14,000 

6 

■ 2 

NSSF 

295 

2 

1005 

26 

560 

660 

510 

700 

550 

940 

540 

810 



500 

870 

14.000 

7 

2 

NSSF 

290 

1.5 

1010 

26 

610 

650 

520 

i 720 

590 

690 

580 

710 

670 

700 

530 

640 

14,000 

8 

2 

NSSF 

290 

1.5 

1010 

26 

620 

— ^650 

520 

660 

590 

640 

570 

' 650 



540 

600 
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Shaft 

Atteapted 


Oil Inlet 

Oil 

Hot Air 

Air Flew 




Mixture Teap.( 

“F) at 

Each Thernocouple 

Loeitiaa 



Speed 

Fire 

Igeiter 

Teap. 

Flow 

lalet Teap. 

Rate 




: _ 




, 

.... 

- 




( rpa ) 

Ignltlea 

Activated Kejault 

("F) 

(gpa) 

f°F3 

( tefa) 

40® 

40“+ 

0 

o 

70“+ 

130“ 

130“+ 

100“ 

180“+ 

225“ 

225“+ 

340“ 

340“+ 

td.OOO 

1 

2 ‘NSSF 

330 

2 

9V0 

5 

510 

540 

400 

520 

4U0 

480 

470 

530 

540 

570 

4t.O 

400 

14,000 

2 

2 NSSF 

330 . 

2 

970 

5 

500 

550 

380 

640 

400 

500 

460 

510 

340 

610 

420 

520 

1 4, 000 

- ■ - 3 ■ . 

2 NSSF 

360 

1.5 

085 

4 

520 

560 

400 

740 

500 

520 

480 

530 

550 

600 

500 

52C 

14.000 

4 

: 2 NSSr 


1.5 

910 

8 

520 

050 

400 

040 

500 

660 

490 

740 



500 

7^0 

14^000 

■ 5 

2 NSSF 

370 

1 

Ol’O 

3 

540 

650 

480 

740 

520 : 

i 590 

500 

610 

590 

740 

520 

5bO 

14.000 

6 

2 NSSF 

360 

1 

875 

5 

6^50 

650 

480 

690 

510 

590 



580 

750 

500 

600 

14.000 

T 

2 NSSF 

320 

1 

900 

7 

520 

7t0 

460 

Ooo 

4«“u 

650 



550 

820 

480 

670 
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FIGURE 9 

MIXTURE TEMPERATURE AT THERMOCOUPLE LOCATIONS IN SUMP 

Series 1 Run 1 
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' FIGURE 11 

MIXTURE TEMPERATURE AT THERMOCOUPLE LOCATIONS IN SUMP 
Series 1 Run 2 Continued 
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FIGURE 12 

MIXTURE TEMPERATURE AT THERMOCOUPLE LOCATIONS IN SUMP 

Series 1 Run 3 
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Reviewing the plotted data in conjunction with the tabu- 
lated data produced further uhderstandirig of what was taking ' 

place within the sump. In run 1 , where the air inlet temper- 
ature was maintained between 725 and 744®K; (845 and 880 Fj with 
an air flow rate of 20.4 stdm^/hr. (12 scfm) ,the mixture temper- 
ature at ignitor 2 was only slightly above 5i25^K (485°E) , the 
flash point of the oil. This would suggest that there Was in- 
sufficient heat remaining in the air to evaporate additional oil 
and thus explain why only non self-sustaining fires could be 
ignited. It is also observed from Figure 9 that only slight 
changes occurred in the mixture temperature at all thermocouple 
points, including ignitor 2 location, due to changes in, the oil 
flow rate. Thus; it would appear that the mixture ratio! did not 
change appreciably with oil flow rates in this run and that the 
ratio at ignitor 2 was sufficient to permit fire ignition with ^ , 
all oil flow rates used. At ignitor 1 if is assumed that the 
temperature ;was well above the flash point (no temperature data 
was obtained due to a faulty recorder) . This assumption is based 
on fhe fact that in runs 2 and 3, the temperature at ignitor 1 
was; quite similar to that at the 225° azimuth location. ;This 
latter location was well aboye the fire point temperaturei of 
558°K (545°F) throughout rUn^l. The low number of fires achieved 
with ignitor 1 leads one | to consider that the mixture at this 
point was either too rich or itoo lean to burn. Since it must be 
concluded that there was- little oil present for the heat in the 
air to transfer to and thus suggests that the mixture was too 
lean to support combustion. 

In run 2 the air flow rate was increased to 40 stdm^/hr. 

(24 scfm) in the initial ignition attempts and; 48 stdm /hr. (28 scfm) 
in the latter attempts. It is observed from the plotted data 
that as the oil flow rate was increased the mixture temperature 
at all azimuth locations ! except 70° (air exhaust port) and 
315° decreased. This suggests that more oil vapor was being 
generated, except at these two points, with the increased oil 
flow rates and explains why self-sustaining fires were ignited i 
at ignitor 2 (130° azimuth) when the higher oil flow rates were 
supplied. At ignitor 1 (315° azimuth) the mixture temperature 
did not change appreciably with increased oil flow indicating 
that oil was not mixing with the air at this location and that 
the mixture was too lean to burn . 

It is also observed from the plotted data that the self- 
sustaining fires spread more uniformly throughout the bearing 
sump than the non self-sustaining fires in run 1. However, 
the increases in temperature sensed at • the position of ignitor 1 
(315° azimuth) , when self-sustaining fires were ignited at 
ignitor 2, were minimal which substantiated the previous con- 
clusion that the mixture at this location was generally too lean 
to burn. . _ 
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The plotted and tabulated data from run 3 substantiated i 
the conclusions established from runZ data; ie., increases in 
oil flow rate resulted in decreases in mixture temperatures 
at all points except 70° and 315°; and self-sustaining fires 
spread more uniformly throughout the sump. In addition, as 
previously discussed, the result of increased speed was the 
decrease in mixture temperature which suggested greater dis- 
persion of the oil in the sump. 


S . 2 Test Series 2 


iTest series 2 ;vas performed with a 


s, e c b n d c o n f i g u r e d 


baffle 


plate designed to m.inimize the mixing of the oil suplplied to the 
bearing and the hot compressed a hr entering the bearing sump 
through a simulated seal leak. In essence, the baffle plate 
divided the bearing sump into two chambers connected only by 
a 0.36 mm (0.014 inch) gap between the baffle plate and the 
shaft sleeve. In addition, an oil flinger was attached to the 
shaft just inboard of the baffle plate to further reduicei the 
passage of oil through the gap. 


The 'purpose of this baffle was to determine if it were 
possible, without using another face seal or labyrinth' seal in 
the bearing sump, to obtain a separation of the oil and air 
sufficient to generate a mixture too lean to burn. Although 
a too lean mixture would appear very difficult to obtain, due 
to the small amount of oil required in vapor form to produce 
a flammable mixture , the results of test series 1 previously 
discussed would suggest that possibility. 

Series 2, Run 1 • 

The first run was performed with conditions approximating 
those in Series 1, Run 1 with the major difference being the 
air inlet temperature which averaged approximately 22°K (40°F) 
higher in the second series. The extreme values of the test 
variables were : 

Hot air flow rate through sump - 18 . 7-27 . 2 stdm /hr . (11-16 scfm) 
Hot air temperature entering 

hot air chamber - 744-772°K (880-930°F) 

Oil inlet temperature - 432-466°K (320-380°F) 

Oil flow rate - 0.23-0.46 m^/hr. (1-2 gpm) 

Bearing outer ring temperature - 486-522°K (415-480°F) 
Temperature at ignitor 

(mixture temperature) - 522-578°K (480-580°F) 

44 ' 
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I A total of 22 attempts were made to ignite fires. In 19 
of the:22 activations of the spark ignitor, both ignitors were 
used, non self-sustaining fires were ignited. However, seven 
of the fires were very mild producing only minor temperature 
increases even though the ignitor was activated for the full 
60 seconds. The test data are presented in Table 6.; 

. The maj or differences noted betxveen this run and Series 1, 
Run 1 was that fires were readily ignited with both ignitors 
and the mixture temperature following fire ignition increased 
and decreased through several cycles during the 60 seconds of 
spark activation. This would suggest that the available oil 
vapor was being burned more rapidly than it was being generated. 
The test data showed that the mixture temperature at ignitor 1, 
when; it was activated , was always above the flash point temper- 
ature^of 525°K (485°F) except jtwice and in both cases fires 
were not ! ignited. An increase in the oil flow rate resulted in 
a decrease in the mixture temperature at the thermocouples as 
in Test 1, Run 1. This indicated, in addition to the fact that 
fires could be ignited, that oil was entering the hot air side 
of the baffle . 

In general, essentially no improvement oyer the initial 
baffle configuration with respect to eliminating the ignition 
of fires by an electric spark was noted. Therefore, it was 
concluded that the new configuration did not sufficiently reduce 
the oil vapor air ratio, when a leakage air flow of 19-27 stdm^/h 
(11-16 scfm) was simulated, to a value which xvould prevent fires 
from being ignited. Either oil splashed through the opening 
between the baffle plate and shaft and/or the hot air flowed 
through the gap and returned with oil vapor of fine droplets 
which evaporated to produce vapor on the hot air side of the 
baffle . 

Series 2 , Run 2 

The second test run was performed with conditions similar 
to those applied in Series 1, Run 2. The extreme values of 
the test variables were: 







„TABLE 6 
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V- 

o\ 

Ignition 


Shaft 

Spark 

TEST DATA 
SERIES 2 RUN 

- ' ' V 

Air 

1_ 

Air 

Oil 

Oil 



Attempt 


Speed 

Ignitor 

Flow 

In 

^ Flow 

In 

Brg. 

Mixture Temp. 

(No.) 

Results 

(rpm) 

No. 

Rate (scfm) 

Temp . ( op) Rate (gpm) Temp . C’^F) Temp . (‘^F) At Ignitor (°F) 

^ 1 

* NSSF 

14,000 

1 

13 

880 

1.5 

340 

450 

520 

2 

- NSSF 

14,000 

1 

13 

885 

1.5 

350 

450 

520 

3 

NSSF 

14,000 

1 

13 

890 

1 .5 

360 

455 

520 

4 

NSSF 

14,000 

2 

13 

905 

1.5 

370 

455 

550 

5 

NSSF 

14,000 

2 

13 

910 

1.5 

380 

430 

520 

6 

NSSF 

14,000 

2 

13 

910 

1.5 

365 

430 

540 

7 

NSSF 

14,000 

2 

16 

910 

- 2 

320 

420 

520 

8 

NSSF 

14,000 

2 

16 

910 

2 

330 

430 

540 

9 

NSSF 

14,000 

I 

16 

930 

2 

340 

415 

500 

10 

NSSF 

14,000 

1 

13 

930 

2 

350 

415 

500 

11 

NSSF 

14,000 

1 

13 

930 

1.5 

330 

430 

520 

12 

NSSF 

14,000 

1 

13 

930 

1.5 

325 

430 

540 

13 

NSSF 

14,000 

1 

13 

930 

1 

330 

480 

560 

14 

NSSF 

14,000 

1 

13 

930 

1 

330 

470 

580 

15 

NSSF 

14,000 

2 

13 

920 

1 

340 

470 

520 

16 

NSSF 

14,000 

2 

15 

925 

1 

350 

470 

580 

17 

NF 

14,000 

2 

11 

935 

2 

335 

450 

520 

18 

NF 

14,000 

2 

11 

930 

2 

340 

440 

500 

19 

• NF 

14,000 

1 

11 

925 

2 

360 

430 

480 

20 

NSSF 

14,000 

1 

11 

880 

1.5 

360 

440 

480 

21 

NSSF 

14,000 

2 

11 

880 

1.5 

330 

450 

500 

22 

NSSF 14,000 1 

*NF - No Fire 

NSSF - Non-Self-Sustaining^ Fire 
SSF - Self-Sustaining Fire 

11 

870 

1.5 

340 

470 

520 
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; Hot air flow rate through 
sump - 

Hot air temperature enter- 
ing hot air chamber - 

Oil' inlet temperature - 

Oil flow rate;- 

Bearing outer ring 
temperature - 

Temperature at ignitor 
(mixutre temperature) - 

Series 2 Summary 


40.8-49.3 stdm^/hr. (24-29 scfm) 

783-868°K (950- 1 050°F) 

450-464°K (345-375°F) 

0.23-0.57 m^/hr, (1-2.5 gpm) 

494-538°K (430-510°F) 

632-656°K (680-720°F) 


In only seven of the 27 activations of the spark ignitors 
were fires ignited (both ignitors , were used and fires were 
started by botliX, All fires ignited were non self-sustaining 
and in the two^ ignitions where the ignitor was left on after 
the fires started, the temperatures fluctuated up and down 
indicating the fires were going out and then reigniting as in 
Series 2, Run 1. The fewer and less severe fires was a consid- 
erable improvement over that obtained in Series 1, Run 2 where 
eight self-sustaining and four non self-sustainirig fires were 
ignited in 20 activations. Another major difference between 
the two tests was the appreciably higher mixture temperatures 
measured at the ignitor locations in this test, see Table 7. 
These higher temperatures indicated that little oil was mixing 
with the air passing the ignitors; thus, reducing the heat trans 
fe?t from the air. This conclusion is further substantiated by 
the fact that increases in the oil flow rate from 0.34 to ! 
0.57 m^/hr. (1.5 to 2.5 gpm) had essentially no effect on the 
mixture temperatures measured at the ignitors . However , this 
was not true at all thermocouple locations within the sump . . ^ 
The temperatures measured at the thermocouples located at 40“ 
and 70° did vary as expected with oil flow rate changes 
(increased with decreased oil flow and decreased with increased 
oil flow) . Thus it was concluded from this test that although 
it appeared that the change in baffle configuration was 
beneficial in producing conditions with the hi^ air flow that 
were less conducive to fire being ignited it was only a zone 
or area influence. At other locations, other that where the 
ignitors were positioned, it is likely that fires could have 
more readily been ignited. 


4:^. 

oo 

Ignition 

Attenqjt 

(No.) 

Results 

Shaft 

Speed 

(rpm) 

Spark 

Ignitor 

No. 

■ ■ 

TEST DATA 
SERIES 2 RUN 2 

Air Air Oil Oil 

- Flow In Flow In Brg. Mixture Tenq). 

Fate f sc f in') Temp. (°F)Rate(gpm) Temp. (°F) Temp. (°F) At Ignitor (°F) 

1 

*NSSF 

14,000 

2 

29 

970 

2 

345 

430 

710 

2 

NSSF 

14,000 

2 

29 

960 

2 

345 

450 

720 

3 

NSSF 

14,000 

1 

29 

960 

2 

345 

440 

700 

4 

NSSF 

14,000 

1 

29 

960 

2 

345 

440 

680 

5 

NF 

14,000 

1 

29 

950 

1.5 

345 

490 

700 

6 

NF 

14,000 

1 

29 

950 

1.5 

350 

490 

700 

7 : 

NF 

14,000 

2 

29 

950 

1.5 

365 

500 

700 

8 

NF 

14,000 

2 

29 

950 

1.5 

370 

500 

700 

9 

NF 

14,000 

2 

29 

950 

2 

375 

480 . 

700 

10 

NF 

14,000 

1 

29 

950 

2 

350 

460 

700 

11 

: NF 

14,000 

1 

29 

1000 

2 

340 

450 

700 

12 

NF 

14,000 

2 ‘ 

29 

1010 

2 

350 

455 

700 

13 

NF 

14,000 

2 

24 

1010 

2 

370 

465 

700 

14 

NSSF 

14,000 

1 

24 

1010 

2 

340 

460 

700 

15 

NSSF 

14,000 

1 

24 

1010 

2 

340 

455 

710 

16 

NSSF 

14,000 

1 

24 

1010 

2 

350 

460 

710 

17 

NF 

14,000 

1 

24 

1010 

1.5 

360 

490 

720 

18 

•NF 

14,000 

1 

24 

■ 1010 

1.5 

565 

500 

720 

19 

NF 

14,000 

2 

24 

1010 

1.5 

365 

510 

700 

20 

NF 

14,000 

2 

24 

1010 

2 

340 

470 

700 

21 

NF 

14,000 

2 

24 

1010 

2 

340 

460 

700 

22 

NF 

14,000 

1 

24 

1010 

2 

340 

430 

720 

23 

NF 

14,000 

2 

24 

1010 

2.5 

350 

430 

720 

24 

: , NF 

14,000 

1 

24 

1030 

2 

360 

480 

720 

25 

NF 

14,000 

2 

24 

1030 

2 

350 

470 

720 

26 

NF 

14,000 

2 

28 

970 

2 

370 

480 

720 

. 27 

NF 

14,000 

2 

28 

950 

1 

370 

480 

720 


*NF - No Fire 

NSSF - Non-Self-Sustaining Fire 
SSF - Self-Sustaining Fire 
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These results suggest the possibility of designing a 
sump which would control the flow of air and oil (direct the 
flow paths) in a manner which would maintain a mixture too lean 
at a possible ignition source to support combustion. The use 
of thermocouples strategically positioned in the sump to measure 
mixture temperature changes with oil flow, air flow and shaft 
speed changes could be considered as a practical means of 
determining the effectiveness of the design. . 

The two tests performed with the second baffle design 
showed that the configuration was not effective in eliminating 
conditions that were conducive to flammability, but suggested 
that proper baffling could possibly be effective. 

Evaluating the input parameters for the first two test 
series as criteria for determining flammability conditions 
within the sump, as was the goal of the program, several 
conclusions could be established. Fires could be ignited over ^ 
the full range of air flow rates evaluated 7 to 49 stdm-/hr. 

(4 to 29 scfm) and over the complete range of inlet air temper- 
atures 724° to 833°K (845 to 1040°F) evaluated. However, the 
greater the air flow rate the more severe the fires. At the 
low air flow rates of 7 to 14 stdm^/hr. (4 to 8 scfm.) only minor 
non self-sustaining fires were ignited. With air flow rates 
of 20 to 27 stdm-^/hr. (12 to 16 scfm) the fires were also non 
self-sustaining, but much higher mixture temperatures increases 
occurred. With air flow rates of 41 to 49 stdm^/hr. (24 to 29 ! 

scfm) self-sustaining fires were ignited with the first baffle 
configuration, which spread more generally throughout the sump 
with temperature increases as high as 811°K (1000°F) before 
the fires were extinguished. This would suggest that the 
greater flow rates resulted in greater dispersion of the oil 
and greater heat transfer from the air to the oil; thus, gener- 
ating more oil vapor. It should be noted that, even though 
fires were ignited over the full air flow and temperature 
ranges, fires Could not always be started and the changes that 
resulted in this condition could not always be determined. 

Fires were also ignited over the full range of input oil 
flow rates evaluated 0.23 to 0.46 m^/hr. (1 to 2 gpm) . Again 
it is noted that with the oil flow rates in this range, fires 
were not started in all attempts. In several cases, fires could 
not be ignited with an oil input of 0.23 m^/hr. (1 gpm) but 
were ignited when the flow was increased to 0.34 and 0.46 m^ /hr. 
(1.5 and 2 gpm). This suggested' that an increase in oil flow 
also produced a greater dispersion of the oil which resulted 
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in more oil vapor being generated. This assumption was sub- 
stantiated by the decrease in the mixture temperature at the 
ignitor, greater heat transfer from the air to the oil, in most 
cases where an increase in oil flow rates resulted in a fire 
ignition. 

Gil inlet temperature was the only input parameter which 
produced results from which more than a general trend could be 
established even in a specific sump configuration. With the 
inlet air flow rate and temperature at 44stdm^/hr. and 814°K 
(26 scfm and 1005°F) which approached the most severe conditions 
tested, no fires could be ignited until the oil inlet temperature 
was increased to 420°K (295°F) . This observation indicates 
that conditions susceptible to fire ignitions can be prevented 
by maintaining a low oil inlet temperature even when high hot 
air leakage rates into the sump are present. 

To further evaluate the test data, a check was performed 
to determine the correlation between the ignition of fires and 
the mixture temperature at the ignitor relative to the 
flammability limits. The flammability limits would provide a 
much less complex and easily measured judgement criterion 
(compared to the combination of the inlet parameters which may 
be very dependent on sump configuration) if good correlation 
existed. 

As- stated in reference 4, the ability of a liquidfuel to 
form flammable vapor-air mixture is defined by its temperature 
and concentration limits of flammability. The, lov«rer temperature 
limit (LL) is realized when the liquid fuel temperature is high 
enough to produce a minimum fuel vapor concentration which when 
uniformily mixed with air will sustain flame, if ignited by an 
external heat source. This temperature limit is usually 
slightly lower than the flash point of the liquid. The upper 
temperature limit (UL) corresponds to the liquid fuel temper- 
ature above which the equilibrium fiael concentration of the 
saturated vapor-air mixture is too rich to sustain flame . ^ 

The concentration of fuel vapor is determined by its 
equilibrium vapor pressure at any given temperature. The 
equilibrium fuel-air ratio is therefore the ratio of the vapor 
pressure of the fuel to the air pressure in the chamber. 
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To establish the flammability limits for the lubricant used 
in the program (TyiPG II Ester, meeting MlL-L-23699 specifications) 
the stoichiometric ratio (Cg) was determined and then the limits 
calculated using equations presented in Section 1.2. To 
establish the stoichiometric ratio the chemical equations 
G 31 H 56 O 8 was chosen to represent a typical molecule of the 
lubricant and has a molecular weight of 556 grams/mol. Using 
this equation and assuming complete oxidation where the products 
are carbon dioxide and water, the following balanced equation 
can be written. 

^31 H 55 Og + 41 O 2 >^31C02 + 28 H 2 O 


Thus the molar ratio at the stoichiometric point is 1/41 and 
the molar ratio when combining with air (1 mol of O 2 in 5 niol of 
air) is l/5^xl/41= 0.0049 = 0.49% oil vapor to air by volume. 
Using the vapor pressure versus temperature curve for MIL-L-23699 
lubricants from reference 7 and the calculated flammability 
limits, the flammability diagram presented in Figure 13 was 
established . 


From the flammability diagram 
a LL'of 535°K (500°F) were selected 
Comparison of these limits with the 
at the actuated ignitors in the fir 
in the following statistical data: 

Test 

Series Run Mixture Temp. 


(No.) (No.) Below LL 

Ignition No. of 
Attempts Fires 

1 1 1 0 

1 2 0 0 

1 3 0 0 

1 4 3 0 

1 ■ 5 1 1 

2 1 1 0 

2 2 0 0 


. UL of 600°K (620°F) and 
for comparison values, 
mixture temperatures measured 
t two test series resulted 


Mixture Temp. Mixture Temp. 

Between Limits Above UL 

Ignition No. of Ignition No. of 


Attempts Fires Attempts Fires 

8 8 0 0 

5 5 15 6 

4 4 5 1 

5 4 0 0 

6 6 0 0 

21 19 : 0 0 

0 0 27 7 


TOTAL 6 1 49 ‘ 46 47 ( 14 
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These data show a reasonably good correlation with the 
flammability limits. This is especially true at mixture tempera- 
tures between the limits where fires would be expected (46 fires 
i|;nited in 49 attempts) and also below the lower limit where 
fires would not be expected (1 fire ignited in 6 attempts). 

At mixture temperatures above the upper limit, where fires would 
also not be expected, the poorest correlation existed (14 fires 
ignited in 47 attempts). 

The result of this evaluation would certainly suggest the 
feasibility of using the mixture temperature measurement in a sump 
as a reasonable method of judging the flammability conditions. 
However, the relatively low percentage of fires ignited above the 
UL would have to be considered to be the result of a too rich 
mixture (excessive amount of oil vapor) . This is contrary to the 
conclusions drawn by attempting to evaluate what was occurring in 
the 'sump. In that case, as previously discussed, when high mixture 
temperatures were measured, it was considered to be the result of 
a lean mixture (insufficient oil vapor produced to provide a flam- 
mable mixture) , i.e. the temperature wasi high because there was 
little heat transferred to oil, thus an equilibrium state did not 
develop. A review of the tabulated data also showed some of the 
most severe fires (self-sustaining) occurred when the mixture 
temperature was 56® to 112®K (100® to 200®F) above the expected 
limiting temperature of 600°K (620°F) . This could be expected, 
however, if an equilibrium temperature condition did not exist, 

(oil temperature had not reached the air or measured temperature), 
which, would decrease the amount of oil vapor formed and thus result 
in a leaner mixture. This would also suggest , however, that there 
should have been several cases, when the temperatures were between 
the limits, that fires would not ignite since the mixture would have 
been too lean. , : - 

Because of these apparent discrepancies, and the fact that 
only a few cases had been evaluated with mixture temperatures 
below the LL, Test Series 3 adn 4 were performed to obtain 
additional data to substantiate the possibility of using the 
mixture temperature as a flammability judgement criterion. 

5.3 Test ^Series 3 

Since only six attempts had been made to ignite fires during 
the first two series when the measured mixture temperature at the 
ignitors was below the LL, all three runs in Test Series 3 were 
initiated with the mixture temperature below the LL. This condition 
was maintained by inserting a low oil and/or low air temperature. 

The mixture temperature was then increased to values between die 
limits by increasing either or both the oil and air temperatures. 
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Series 5, Run 1 , 

The first test run was performed with the relatively tow 
oil temperature of approximately, 360°K (190®F) and a high air 
flow rate value of 43 to 48: stdm-^/hr . (25 to 28 scfm) , The extreme 
value of the test variables; were: 

Hot air flow rate through sump - 43 to 48 stdm^/hr. (25-28 scfm) 
Hot air temperature entering 
hot air chamber - 655-775°K (720-935°F) 

Oil inlet temperature - 352-368°K (175-200°F) ‘ 

Oil flow rate - 0.23-0.57 m^/hr. (1-25 gim) 

Bearing outer ring temperature - 409-437°K (275-325°F) 
Temperature at ignitor (mixture ■ 
temperature) p. - 516-593°K (470-610®F) ! 

The test run was initiated with an oil flow rate of 0.34 
m^/hri (1.5 gpm) and temperature of 358°F) and an air flow rate 
and temperature of 48 stdm^/hr. and 63i5°K (28 scfm and 720°F) 
respectively, i The oil flow rate was qhanged to 0.23, 0.46, and 
0.57 m^/hr. (1, 2, and 2.5 gpm) with each spark ignitor activated 
at least once for 60 seconds at each flow rate. With these 
conditions imposed, the mixture temperatures at the ignitors 
varied from 517 to 543°K (470 to 520°F) which _is from 17°K (30°F) 
below to 11°K (20°F) above the LL. In none of the 14 ignition 
attem-Dts were fires ignited, see Table 8. 

To evaluate the possibility of fire igniting at higher 
mixture temperatures, the air inlet temperature was increased 
in two incremental steps, first to 719°K (835°F) and then Id 
771°K (930°F) , while maintaining the same air flow rate and oil , 
inlet temperature. At each new temperature condition, the oil 
flow rates were varied in 0.12 m3/hr. (.5 gpm) steps from 0.23 to 
0.57 m3/hr. (1 to 2.5 gpm) and ignition attempts made at each 
flow rate. No fire ignitions occurred under any of the conditions 
imposed even though the mixture temperature increased to a 
maximum value of 593°K (610°F) which is well above the LL of 
533°K (5Q0°F), but still below the UL. 

These results, contrary to prior test results where fires 
were ignited in 94 percent of the cases when the mixture tempera- 
ture was between the LL and UL, indicated that the flammability 
temperature limits may not be as reliable of a judgement criterion 
as initially considered. However, it was noted that the oil 
inlet temperature was maintained within 3°K (5°F) of the minimum 
value where fires had previously been ignited. 



TABLE 8 
TEST DATA 
SERIES^ RUN 1 


Ignition 
Attempt "" 
(No.i 

Results 

Shaft 

Speed 

Crpm) 

Spark 

Ignitor 

No. 

Air 
Flow ; ■ 

Rate (scfin) 

Air Oil Oil 

In Flow In Brg. Mixture Tenf>. 

Temp.C^F) Rate (gpn) Temp. C°F) Temp. (°F) At Ignitor “(°F)~ 

1 

*NF 

14,000 

1 

28 , r 

720 

1.5 

185 

•295 

480- 

2 

. NF 

14,000 

2 

28 - ' 

720 

1.5 

185 

295 

480 

3 

NF 

14,000 

2 

26 

720 

1.5 

■-190 

310 

480 

4 

NF 

14,000 

1 

28 

720 . 

1.5 

190 

310 

480 

5 

NF 

14,000 ; 

1 

28 

730 

1 

190 

•360 

510 

6 

NF 

14,000 

2 

28 . 

740 

1 

180 

345 

510 

7 

NF 

• 14,000! 

2 

28 

740 

1 

. 180 

345 

520 , 

8 

NF 

14,000 

1 

27 ' 

740 

1 

180 

355 

520 ! 

9 

NF 

14,000 

1 

27 

740 

2 

180 

300 

500 

10 

NF 

14,000 

2 

■ 27 '' 

740 

2! • 

180 

295 

500 

11 

NF 

14,000 

2 

27 ' - 

745 

2.5 

185 

285 

• . 495 

12 

NF 

14,0001 

1 

27- 

'745 

2; 5 

185 

285 

485 

13 

NF. 

14,000! 

1 

27 . 

835 

. 2.5 

175 

280 

510 

14 

NF 

14,000 

2 

26 

830 

2.5 

180 

275. 

520 

15 

NF 

14,000 

2 

26 

835 

2 •• 

185 

300 

540 

16 

: 'NF 

14,000 

1 

26 

835. . 

2 

185 

300 

540 

17 

NF ^ 

14,000 

1 

27' 

840 ' 

1.5 

185 

305 

560 

18 

: NF 

14,000 

2 

- 27 

840 

1.5 

185 

.305 

550 i 

19 

NF 

-14,000 

2 

■ 25 

840 

1 

175 

, 335 

560 

20 

NF 

14,000 

2 

25 

840 

1 

175 

350 

560 

21 

NF 

14,000 

1 

25 

840. . 

1 

. 175 . 

380. 

‘ 580 

22 

NF 

14,000 

1 

27 

900 

2.5 

200 

295 

520 

23 

NF 

14,000 

2 

26 

900 

2.5 

200 

295 

540 

24 

NF 

14,000 

2 

26 

915 

2 

190 

300 

560 

25 

NF , 

14,000 

1 

25 

920 

2 

190 

300 

540 

26 

NF 

14,000 

1 

25 

930 

1.5 

185 

310 

580 

27 

NF 

14,000 

2 

25 

930 

1.5 

185 

310 

585 

28 

NF 

14,000 

1 

25 

•935 

1.25 

■ 175 

325 

600 

29 

NF 

14,000 

2 

25 • 

935 

1.25 

175' 

325 

610 


*NF - No Fire 

NSSF - Non-Self-Sustaining Fire 
SSF - Self-Sustaining Fire 
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Series 5, Run 2 

Run 2 was also performed with an air flow rate of 48 stdm^/hr. 

(28 scfm) and initiated with oil inlet and air inlet temperatures 
which resulted in the mixture temperature being below the LL, 
see Table' 9. The oil inlet temperature was then increased in 
incremental steps from the initial value of 368°K (200°F) to 
43Z°K (320°F) while maintaining the air inlet temperature essentially 
constant at 655“K (720°F) and varying the oil flow rates from 
0.23 to 0.57 m^/hr. (1 to 2.5 gpm) . The air inlet temperature 
was then increased in two steps; first to approximately 728°K 
(850°F) and then to 811°K (1000°F) while maintaining the oil 
inlet temperature -between 421 and 438®K (300 and 330®F) . The oil 
temperature was the:- increased to approximately 452 ®K (355®F) and 
the air temperature to 819°K (1015®F) , The extreme values of the 
test variables were: 


Hot air flow rate through sump 
Hot air temperature entering 
hot air chamber 
Oil inlet temperature 
Oil flow rate 

Bearing outer ring temperature 
Temperature at ignitor 
(mixture temperature) 


- 48 stdm^/hf , (28 scfm) 

- 652-819°K (715-1015°F) 

- 387-455°K (200-360°F) 

- 0,23-0.57 m3/hr. (1-2.5 gpm) 

- 414-489°K (285-420°F) 

- 510-636°K (460-685°F) 


In none of the first 25 activation of spark ignitors was a 
fire ignited even though the mixture temperature increased from 
520 to 583°K (480 to 590®F) and the oil inlet temperature was as high 
as 455®K ( 360 Op) . Not until the mixture temperature had reached 
588®K (600®F) at ignitor 1 and 635®K (68S°iF)i at ignitor 2 were 
fires ignited. All six fires ignited were very minor as evidenced 
by a small increase in mixture temperature and the fires would go 
out even with the ignitor still activated. It is also noted 
that fires could not be ignited until the oil temperature was 
above 432°K (320.?F) which was the minimum value in all but oie 
prior test. Thus , the results again showed poor correlation with 
the flammability limits. 

Series 3 , Run 3 

In Test Series 2 where the more restrictive baffle was 
initially used (also used in Test Series 3 and 4) fewer fires 
were ignited with the higher air flow; thus, the third run was 
performed with the lower air flow rate of 27 stdm'^/hr. (16 scfm). 

The test was initiated with an oil inlet temperature of 380°K 
(225°F) and air temperature of 649°K (710°F) , see Table 10. The 
extreme values of the test variable were: 


i 
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TABLE 9 
TEST DATA 
SERIES 3 RUN 2 


Ignition 

Attempt 

(No.) 

Results 

Shaft 

Speed 

(rpm) 

Spark 

Ignitor 

No. 

Air 

Flow 

Rate (scfm) 

Air Oil Oil 

In Flow In Brg. Mixture Tenp 

Temp. (°F) Rate (gpm) Temp; (®F) Temp.C°p)-At Ignitor 

1 

*NF 

14,000 

1 

28 

715 

2 

J 200 

J 285 

460 

2 /■ ^ 

~ NF , 

14,000 

2 

28 . 

715 

2. 

200 

285 

470 

'3 

■ NF- 

14,000; 

2 . 

28 

715 

1.5 

215 

300 

465 

4 

,-,NF 

14,000 

1 

28 

715 

1.5 

215 

300 

490 

5 

NF 

14,000 

1 , ■ 

28 

715 

1.5 

250 

350 

490 

6 

NF 

14,000 

2 

28 

715 

1.5 

250 

350 

520 

7 " 

NF 

14,000 

2 

28 

715 

2 

250 

340 

520 

8 

'- ■ NF , ■ 

14,000 

1 

28 

715 

2 

250 

340 

520 ■“ 

9 

NF 

14,000 

1 

28 

720 

1.5 

. 290 

■ 370 

510 

10 

NF 

14,000 

2 

28 

720 

1.5 

290 

370 

510 

11 

NF 

14,000:1 

2 

28 

720 

, 2 

310 

365 

530 

12 

NF 

14,000- 

1 

28 

720 

, 2 

310 

365 

530 

13 

NF' 

14,000 

1 

28 

715 

1 

. 310 

385 

525 

14 

: NF 

14,000 

2 

28 

715 

1 

310 . 

385 

525 

15 

NF 

14,000 ■ 

1 

28 

720 

1 

325 

395 

545 

16 

: ' NF 

14,000 

1 

28 

720 

2 

330 

385 

520 

17 

NF 

14,000 

2 

28 

720 

2 

330 

385 

520 

18 

NF 

14,000 

2 

28 • 

720 

2.5 

315 

360 

520 

19 

NF 

14,000 

1 

28 ■ 

720 

2.5 

320 

360 

520 

20 

NF 

14,000 

1 

28 . ■ ■ 

840 

2 

305 . 

375 

540 

21 

NF 

14,000 

2 

28 

840 

2 

305 

375 

540 

22 

NF 

14,000 1 : 

2 

28 

860 

1 

315 

390 

585 

23 

NF 

14, 000 ; : 

1 

28 

860 

1 

315 

400 

585 

24 

NF 

14,000' 

1 

28 

865 

1.5 

325 

395 

580 

25 

NF 

14,000 

2 

28 

865 

1.5 

330 

395 

590 

26 

NF 

14,000 

2 

28 

1000 

1.5 

300 

380 

645 

27 

NF 

14,000 

1 

28 

1000 

1.5 

300 

380 

600 

28 

, . NF 

14,000 

1 

28 

1010 

1 

305 

405 

630 

29 

NF 

14,000 

1 

28 

1010 

1 

330 

425 

650 

30 

NF 

14,000 

2 

28 

1015 

1 

332 

420 

685 

31 

NF 

14,000 

2 

28 

1015 

2 

350 

415 

685 

32 

NF 

14,000 

1 

28 

1015 

2 

360 

420 

630 


*NF - No Fire 

NSSF - Non-Sel£-Sustaining Fire 
SSF - Self-Sustaining Fire 




TABLE“1“0“- - 

TEST DATA 

SERIES 5 RUN 3 


Ignition Shaft Spark Air Air Oil Oil 

Attempt Speed Ignitor Flow In Flow In Brg. Mixture Tenp. 

(No.) Results (rpm) No. Rate (scfni) Temp.( OF) Rate fgpni) Temp. (Op) Temp.f OF l At Ignitor r^ FI 


1 

*NF 

14,000 

1 

16 

710 

2 

225 

300 

440 

2 

NF- 

14,000 

2 

16 

710 

2 

. 225 

• 300 

450 

3 

NF 

14,000 

2 

16 

720 

1 

. 225 

335 

460 

4 

NF 

14,000 

1 

16 

720 

1 

225 

335 

460 

5, 

NF 

14,000 

1 

16 

725 

1.5 

240 

320 

460 

6 

NF 

14,000 

2 

16 • ^ 

725 

1.5 

240 

320 

460 

7 

NF. 

14,000 

2 

16 

840 

1.5 

230 

315 

485 

8 

. .-.^^NF . . 

14,000 

1 

16 

865 

1.5 

230 

315 

480 

9 

. NF 

14,000 

1 

16 

870 

1 

235 - 

330 

500 

10 

;nf 

14,000 

2 

16 

870 

1 

235 

330 

505 

11 

NF 

14,000 

2 

16 

875 

2 

225 

: 310 

505 

12 

NF 

14,000 

1 

16 

875 

2 

225 

310 

500 

13 

NF , 

14,000 

1 

16 

890 

2 

310 

370 

540 

14 

- NF. 

14,000 

2 

16 

890. 

2 

310 

370 

540 

15 

NF. 

14,000 

2 

16 

895 

1 

315 

395 

550 

16 

NF 

14,000 

1 

16 

895 

1 

315 

395 

550 

17 

NF 

14,000 

1 

16 

895 

1.5 

325 

390 

” 550 

18 

■’NF 

14,000 

2 

16 

895 

1.5 

325 

390 

560 


! 


! 

f 

i 

! 


*NF - No Fire 

NSSF - Non-Self-Sustaining Fire 
SSF - Self-Sustaining Fire 
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Hot air flow rate through^ sump - 27 stdm^/hr. (16" scfm) 

Hot air temperature entering 
hot air chamber - 649-753°K (710-895®F) 

Oil inlet temperature - 380-337°K (225-325®F) 

Oil flow rate - 0.23-0.46 m3/hr. (1-2 gpm) 

Bearing outer ring temperature - 400-455°K (260-360°F) 
Temperature at ignitor 

(mixture temperature) - 500-566®K (440-560°F) 

With no fire ignited in the first six attempts where the 
mixture temperature was below the LL, the air temperature was 
increased to 73B°K (870°F) to increase the mixture temperature to 
within the limits. Still no fires could be ignited and the oil 
temperature was increased to approximately 436®K (325°F). Again 
with the mixture temperature well within the flammability limits, 
no fires were ignited. 

5,4 Test Series 4 

Test Series 4, which consisted of three test runs , was 
performed to evaluate the possibility of igniting fires when 
the oil inlet temperature values were maintained in a high range 
and the hot air inlet values were relatively low; thus , cbtaining 
a mixture temperature either- slightly below' the LL or between the 
limits. The extreme values of the test variables were: 

Hot air flow rate through sump - 27 stdm^/hr. (16 scfm) 

Hot air temperature entering 

hot air chamber - 652-686°K (715-775°F) 

Oil inlet temperature - 430-458°K (315-365°F) 

Oil flow rate - 0.23-0.57 m3/hr. (1-2.5 gpm) 

Bearing outer ring temperature - 460-488®K (370-420°F) 
Temperature at ignitor 

(mixture temperature) - 522-539®K .(480'510®F) 

Series 4, Run 1 

The ifirst run was initiated with an oil inlet temperature of 
430®K (315®F) and flow rate of 0.46 m^/hr. (2 gpm), and air 
temperature of 652°K (7l!5°F) . An air flow rate of 27 stdm^/hr. 

(16 scfm) was maintained throughout the run. The initial inlet 
conditions resulted in a mixture temperature of 522°K (480®F) 
at ignitor 1 during the first two activations. Non-self -sustaining 
fires were ignited in both eases. No fires were ignited with 
ignitor 2 in essentially similar conditions with oil flow rates 
of 0.23 and 0 .46 m3/hr. (1 and 2 gpm), see Table 11. 


i . -: — 

TEST DATA 
SERIES 4 RUN 1 

Ignition Shaft Spark Air Air Oil Oil 

Attempt Speed Ignitor Flow In Flow In Brg. .Mixture-Temp. 

CNo.) Results (rpm) ; No. Rate (scfm) Temp. (°F) Rate fgpm~) Temp, fopi Temp. fOp ) At IgnitorfOp ) 


1 

*NSSF 

14,000 

1 

16 

715 

2 

315 

370 

480 

2 : 

NSSF 

14,000^ 

1 

16 

715 

2 

315 

370 

480 

3 

NF 

14,000 

2 

16 

710 

2 

330 

380 

490 

4 

NF 

14,000 

2 

16 

710 

1 

,340 

400 

510 

5 

NF 

14,000 

1 

16 

710 

1 

340 

400 

550 

6 

NSSF 

14,000 

1 

16 

710 

1.5 

345 

405 

530 

7 

NF 

14,000 

2 

16 

710 

1.5 

345 

405 

510 

8 

NF 

14,000 

; 2 

16 

710 

2 

340 

390 

500 

9 

NSSF 

14,000 

.. 1 

16 

710 

2 

340 

390 

500 

10 

NSSF 

14,000 

1 

16 

710 

2.5 

360 

390 

480 

11 

NSSF 

14,000 

2 

16 

710 

2.5 

360 

390 

480 

12 

NSSF 

14,000 

2 

16 

750 

1.5 

360 

420 

520 

13 

NSSF 

14,000 

1 

16 

750 

1.5 

360 

420 

550 

14 

NSSF 

14,000 " 

1 

16 

760 

2 

340 

400 

500 

15 

NSSF 

14,000 I 

1 

16 

■770. 

2 

350 

405 

510 

16 

NSSF 

14,000 r 

2 

16 

770 • 

2 • 

350 

405 

510 

17 

NSSF 

14,000 ^ 

;■ 2 

16 

- 775 

' 2.5 

365 

400 

510 

18 

NSSF 

14,000 ; 

1 

16 

775 

' ■ 2.5 ■ 

365 

400 • 

510 




t 

1 

i 


*NF - No Fire 

NSSF - Non-Self-Sustaining Fire 
SSF - Self-Sustaining Fire 
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The oil and air temperatures were then increased gradually 
to l458‘’K C365°F) and 685°K C775°F> respectively. With mixture 
temperature ranging from 522 to 560°F C480°F to 550°F) non- 
selif-sustaining fires were ignited in all ten activations. 

These test results thus showed good correlation with the flammability 
limits. It should also be noted 9 fires out of 10 attempts were 
started with ignitor 1 and only 4 out of 8 at ignitor 2 aren though 
the measured mixture temperatures were essentially the same. 

Series 4, Run 2 

The second test run was performed with an increased air flow 
rate, 46 stdm^/hr. (27 scfm) , and ; approximately 55°K (100°F) higher 
air temperature, see Table 12. The oil inlet temperature range 
was maintained essentially the same as in the prior run. The 
extreme values of., the test variable were : 

Hot air flow rate through sump - 46 stdm^/hr. (27 scfm} 

Hot air temperature entering 
hot air chamber - 716-733°K (820-86d°F) 

Oil inlet temperature ' - 433-444°K (320-340°F) 

Oil flow rate - 0.23-0.57 m^/hr. (1-2.5 gpm) 

Bearing outer ring temperature - 469-489°K (385-420°F} 

Temperature at ignitor 

(mixture temperature) - 544-599®K (520-620®F) 

In all nine ignitor actuations, the mixture temperatures 
were within the flammability limits and in all case fires were 
ignited. Four of the fires were self-sustaining. Thus again, 
as in the prior run, excellent correlation existed with the 
flammability limits;. | 

Series 4, Run 3 

The third test run Was performed with essentially the same 
high oil inlet temperature range, a reduced air flow rate and 
low temperature range. The extreme values of the test variables 
were : 

Hot air flow rate through sump - 27stdm^/hr. (16 scfm) 

Hot air temperature entering 
hot air chamber - 622-668°K (660-745®F) 

Oil inlet temperature ; - 428-450-K (310-350®F) 

Oil flow rate - 0 . 23 -0 . 57 m^/hr . (1 ^2 . 5 gpm) 

Bearing outer ring temperature - 462-480°K (375-405®F) 

Temperature at ignitor 

(mixture temperaturo) - 516-555“K (470-540°F) 


ON 


Ignition 

Shaft 

Spark 

Attempt 

Speed 

Ignitor 

(No.) 

Results (rpm) 

No. 


1 

*SSF 

14,000 

1 

2 

NSSF 

14,000 

2 

3 

SSF 

14,000 

2 

4 

NSSF 

14,000 

2 

5 

NSSF 

14,000 

1 

6 

SSF 

14,000 

1 

7 

SSF 

14,000 i 

2 

8 

NSSF 

14,000, ^ 

2 

9 

NSSF 

14,000 

1 


*NF - No Pire 

NSSF - Non-Self -Sustaining Fire 
SSF - Self-Sustaining Fire 


TABLE 12 
TEST DATA 
SERIES 4 -RUN -2 


Air Air Oil Oil 

Flow In Flow In 

Rate (scfm) Temp. (Op) Ratefe pm) Tanp.( QF) 



27 

820 

1.5 

27 

830 

1.5 

27 

840 

1.5 

27 

845 

2 

27 

845 

2 

27 

855 

1 

27 

855 

1 

27 

860 

2.5 

27 

860 , 

2.5 


340 

410 

580 

350 

410 

540 

355 

415 

• 540 

360 

415 

550 

360 

415 

560 

320 

420 

620 

320 

. 420 

550 

325 

385 

540 

325 

385 

520 
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The mixture temperature throughout the test varied from 17 °K 
(30®F) below to 22°K (40°F) above the LL. In 10 of the 25 activa-^ : 
tion a!ttempts non-self-sustaining fires were ignited, 8 out of 
13 attempts with ignitor 1 and 2 out of 12 attempts with ignitor 2. 
This same pattern was also noted in run 1. Although the correla- 
tion with the flammability limits was not as good as in the 
previous two runs, it was reasonably good considering that the 
measured mixture temperatures were only slightly above or below 
the LL. Reviewing the data with respect to oil flow rates, 
see Table 13, showed that a higher percentage of fires were ignited 
with increasing oil flow rates as tabulated in the table below: 


Oil Flow Rate Ignition 

m3/hr fgpm) Attempts 

0.23(1) 6 

0.34(1.5) 7 

0.46(2) 6 

0.57(2.5) 6 

This was also true in run 1 . 


Fires 

Ignited 


It is also noted from the test data that the only two fires 
started with ignitor 2 were with the highest oil flow rate. 
Therefore, the results suggest that when fires were not ignited 
it was a result of a lean mixture. This could have resulted 
from three possible conditions: (1) insufficient oil in the mixture 
to produce a flammable mixture even if all the oil was evaporated, 
(2) the equilibrium oil concentration was not adequate to support 
combustion due to low temperature, (3) the measured temperature 
was sufficiently high but an equilibrium condition did not exist 
(the oil temperature did hot reach the measured temperature) thus 
a lower oil-vapor air mixture than expected existed. Although 
the data would indicate condition 1 existed (higher percentage 
of fires with increasing oil flow) it is also possible that with 
increasing oil flow rates a larger number of smaller oil particles 
were generated. These particles would absorb heat from the air 
more rapidly and thus the resident time in the air before a 
flammable oil concentration exists would be shorter. 

The two patterns (increased perdentage of fires with increased 
oil flow rate and higher percentage of fires started with 
ignitor 1) noted in run $ Iv-and 3 did not exist in run 2 where 
fires were ignited in all attempts regardless of oil flow rate 
or ignitor used. However, in run 2, the inlet air temperature 
and flow rates were higher which could have produced a different 
oil and air flow path and heat transfer conditions thus resulting 
in the difference observed which includes the more severe fires 
being produced. 

■■'■'63 ■' 



TABLE 13 
TEST DATA 
SERIES 4 RUN 3 


Ignition 

Attempt 

(No.) 

Results 

Shaft 

Speed 

(rpm) 

Spark 

Ignitor 

No. 

Air 

Flow 

■ Rate (scfin) 

Air Oil Oil 

In Flow In 

Temp . (°F) Rate (gpm)Temp. 

Brg. Mixture Ten?). 

f^Fl Temp .(OF') At Ignitor fOp) 

1 

*NF 

14,000 

1 

16 

720 

1 

310 

375 

530 

2 

NF 

14,000 

2 

16 

720 

1 

310 

385 

490 

•7 

NF 

14,000 

2 

16 

710 

1.5 

310 

380 

490 

4 

NSSF 

14,000 

1 

16 

710 

r,5 

. 310 

380 

500 

5 :■ 

NSSF 

14,000 

1 

16 

710 

1.5 

320 

380 

500 

6 

NSSF 

14,000 

1 

16 

705 

2. 

330 

580 

480 

7 

NF 

14,000 

2 

16 

705 

2 

■ 335 

385 

490 

8 

NSSF 

14,000 

2 

16 

705 

2.5 

340 

380 

480 

9 

NSSF 

14,000 

1 

16 

705 

2.5 

340 ■ 

380 

470 

10 

NF 

14,000 

1 

16 

680 

1 

335 

405 

540 

11 

NF 

14,000 

2 : 

16 

680 

1 

335 

405 

500 

12 

NF 

14,000 

,2 . ' 

16 

665 

1.5 

335 

400 

500 

13 

NF 

14,000 

1 

16 

665 

1.5 

335 

400 

520 

14 

NSSF 

14,000 

1 

16 

660 

2 ■ 

340 

395 

480 

15 

NF 

14,000 

2 

16 

660 

2 

345 

400 

510 

16 

NF 

14,000 

2 

16 

660 

2 . 5 

350 

385 

480 

17 

NSSF 

14,000 

1 

16 

665 

2.5 

350 

390 

480 

18 

• NF 

14,000 

1 

16 

710 

1 

345 

405 

540 

19 

NF 

14,000 

2 

16 

725 

1 

345 

■ * 405 

510 

20 

NF 

14,000 

2 

16 

530 

1.5 

345 

405 

510 

21 

NF 

14,000 

1 

16 

730 

1.5 

345 

405 

540 

22 

NSSF 

14,000 

1 

16 

735 

2 

350 

400 

500 

23 

NF 

14,000 

2 

16 

735 

2 • 

550 ■ 

400 

510 

24 

NSSF 

14,000 

2 

16 

745 

2.5 

350 

390 

500 

25 

NSSF 

14,000 

1 

16 

745 

2.5 

350 

390 

490 


*NF - No Fire 

NSSF - Non-Self -Sustaining- Fire 
SSF - Self-Sustaining Fire 
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' A general review o£ the testing results with respect to 
the correlation between flammability limits and fire ignitions 
show that in Test Series 1,2 and 4 that a reasonable correlation 
existedc However, in Test Series 3 very poor correlation existed. 
The major difference existing between Series 3 and the other 
series was the inlet oil temperature was lower in Series 3. 

In general, the oil inlet temperature in Series 3 was below 432°K 
(320°F) when a fire would be expected, but did not occur. In 
all the other series, the oil inlet temperature was above 432 °K 
(320°F), except for Series 1, Run 4. Thus, the correlation 
observed would suggest that the comparison of the measured mixture 
temperature with the flammability limits is a reasonably good 
criterion to judge the flammability condition within a bearing 
sump when! the oil inlet temperature is above 432®K (320°F) 

5 . 5 Computerized Statistical Evaluation of Test Data 

In an effort to obtain additional information and trends 
from the test data, a computerized statistical evaluation of the 
test data was performed. 

I A data base containing the values of the fixed and response 
variables recorded during the testing program was prepared. 

The BMDP system of statistical programs developed at the Health 
Sciences Computing Facility at UCLA was used to interrogate this 
data base in an attempt to determine additional information and 
how the occurrence or non-occurrence of fires is affectedly 
these variables. A copy of the form on which the data was 
transcribed and from which it was keypunched is presented in 
Figure 14 . 

I Using program BMDP6D12, bivariate scatter plots using three 
different symbols to denote the "fire condition" (A for no fire , 

B tor non-self-sustaining fire, and C for self-sustaining fire) 
were initially obtained as combinations of the following choices 
of X and Y variables; X axis being the controlled variable and 
the Y axis the dependent variable . 

X-Axis Y-Axis 

Air Inlet Temperature Oil Outlet Temperature 

Air Flow Rkte Outer Ring Temperature 

Oil Inlet Temperature Mixture Temperature 

Oil Flow Rate " 

These plots were examined to see if the data points for each fire 
condition exhibited any clustering and to determine if any 
correlation existed between the two variables used. A typical 
bivariate plot is presented in Figure 15. 




FIGURE 14 


SUMP FIRE DATA FORM 


FOR STATISTICAL EVALUATION 


Test No . 

(If a single digit, put in col., 2) 
Run - Attempt No . 

(e.g. for attempt 7 in Run 5 write 5 
FIXED VAR TABLES ^ ” K 


Hot Air Inlet Temp (°F) Where applicable the' 

location of the deci- 
mal point is indicated 
Hot Air Flow Rate Cscfm) by a "dot”. The deci- 
mal is not keypunched. 

Oil Inlet Temp (°F) 


Oil Inlet Flow Rate (gpm) 


Shaft Speed (1000 RPM) 


Ignitor Location 
1) Location #1 


2} Location #2 


1) Type 1 


2) Type 2 


MEASURED RESPONSES . 

Oil Outlet Temperature C°P) 
(use 999 if misMng} 


Outer Ring Temperature f ) 


Mixture Temp at Ignitor C°F) 
fuse 999 is missing] - 
Fire Condition 

0) No Fire 1) Non Self-Sustaining Fire 
2) Self-Sustaining Fire 


V 


Outer Ring Temperature 


FIGURE 15 

Typical Bivariate Plot 
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i The results of these runs, and several other runs using 
combinations of the controlled variables and calculated variables, 
essentially verified relationships previously observed. The ' 

three plots of the air inlet temperature versus the dependent 
variables indicated that there was no air inlet temperature used 
with which fires were not-lgnited. The major segregations vere 
observed when either oil inlet temperature, oil outlet temperature, 
or bearing temperature were one of the variables used in the plot. 

No' fires were ignited when the oil inlet temperature was below 
432®K (290®F), or the oil out temperature was below 450°K (SSO^F) . 

Only one fire was ignited when the bearing outer ring temperature 
was below 461®K (-370'’F), see Figure 16. This could be expected 
as the relationship of oil inlet temperature and fire ignitions - 

had been previously noted and the oil out and bearing temperatures 
are a direct function of the oil in temperature. A plot ol oil 
inlet versus oil out temperature resulted in a correlation coefficient 
of 0.98 . 

An examination of the plots incorporating mixture- temperatures 
indicated that it was more directly related to the air inlet'i 
temperature than the oil inlet temperature. The plot of mixture 
temperature versus air inlet temperature had a correlation coefficient 
of 0.77 while the correlation Goefficient between the mixture 
temperature and oil temperature was only 0.33. This would 
indicate, as previously noted, that the oil was not always mixing 
with the air before it passed the ignitor location and the 
temperature measured. 

The bivariate plot of the mixture temperature versus oil 
inlet temperature, presented in Figure 17, shows the reasonably 
good correlation between the mixture temperature and the flammability 
limits when the oil inlet temperature was above 432°K (320®F) as 
had been previously noted. 

The basic problem in evaluating the test data from the ' 
bivariate plots is that only two variables can be evaluated at a 
time and no relationship of a particular point with a givpn test 
or other variable could be established to provide further under- 
standing of its particular location. Even with this drawback, 
the plots generally substantiated the prior observations. 

Further statistical analiysesi were performed using Program 
BMD,P7M. This program performs stepwise linear discriminate function 
analysis. It seeks to form a linear combination of variables 
which best classifies a case into’ groups such as fire or no fire. 

It introduces the variables sequentially (stepwise) choosing at 
each step the variable that best contrilsutes to the ability to 
correctly classify cases. For the sump fire data, the variables 



Outer Ring Temperature 


V-, ■ 


FIGURE 16 


Bivariate Plot - Outer Ring Vs. Air Inlet Temperatures 
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selected by the program were: (1) oil outlet temperature’, 

(2) oil inlet temperature, and (3) oil flow rate. The ciassifi 
cation matrix was found to be : 

' Number of Cases ; 

I Classified into Group 

Group No Fire Fire 

No Fire 49 15 

Fire 8 -30 

The total percentage of correct classifications was 77%. 
The basic significance of this evaluation was the indicated 
relative importance of the oil temperature and flow rate. 


6.0 ANALYTICAL STUDY 
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6 . 1 Description of Analytical Study 

The results of the test program, as presented and discussed 
in Section 5, definitely indicate that the flammability condition 
within a jet engine bearing sump are not homogeneous and vary 
appreciably with Ghahges in the -input variables even in a given 
sump configuration. Even though general guidelines can be 
established from the test results which are considered applicable 
for reducing the probability of fires in any sump, differences in 
sump configurations compound the problem of determining the 
flammable conditions present . Therefore, to take thel Tnitiar 
step in obtaining an approach which would permit the prediction 
of the flammability condition with a Sump, an analytical study of 
a simplified configuration was performed. 


The purpose for this study was 
models which would: 


to formulate mathematical 


1. Simulate the generation of oil vapor in a moving oil 
droplet - air mixture. 

2. Evaluate the combustion hazard of a given two phase 
mixture subjected to a specified thermal input. 

Two phase characterization at any flow location would be 
performed. The determination of the associated residence time 
for ^’critical droplet size distribution would be computed 
given knowledge of initial velocity conditions. Thus, for a 
given thermal stimulus of any condition characterized at a 
specific location, computations would be made to see if a flame 
would propagate, burn locally or extinguish itself . i 

The mathematical models were formulated so that the influence 
of physical properties, geometry, temperature, velocity and size 
distribution of droplets etc. could be observed. The documentation 
for their effort is attached in Appendix 1. Sample computations 
are documented for n-decane due to the ready availability o£ 
pertinent physical characterization of the material. 

6.2 Computerized Analysis 

The computer program as previously described and presented 
in Appendix I was exercised on this program for two specific 
purposes: (1) the initial 13 runs were a parametric study to 
determine the affect on the generation Of oil vapor due to changes 
in specific independent variables and (2) the second set of 12 
runs were performed to determine if results would correlate with 
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test data. Therefore, independent variables similar to those in 
specific tests were selected. In addition the geometric 
variables, e.g., flow area and perimeter, were established as 
representative of the test rig configuration when it was envisioned 
as representative of the test rig configuration when itvas 
envisioned as a straight |tube with the flow moving axially 
(similar to geometry used in analytical program) . 

The air properties used in the computer analysis were taken 
from well established values presented in any. thermodynamics text 
book. The oil properties, however, were much more difficult to 
obtain due to its complexity and the infrequency that its diermo- 
dynamic properties are required. The oil property values used 
in the computer program and presented below were obtained from 
literature, various oil companies, and when necessary theoretically 
established by calculation. Thus these values must be considered 
as representative values and not firm values. 

List ofroil Property Values Used in Computer Program 
CPFU - Specific Heat of Gaseous Fuel - Btu/lbjj^°F - 0.3 
CPL - Specific Heat of Liquid Fuel - Btu/lbj^®F - 0.536 at;100®F 

- 0.561 at 300°F 

- 0.450 at 450®F 

HFUO - Enthalpy of Formation of Gaseous Fuel -;Btu/lb^ - 6330 at 300®F 

i - 6375 at 400®F 


HLO 


Enthalpy of Formation of Liquid Fuel - 


Btu/lb^ - 6250 
m 


Note: Latent Heat of Vaporization =HFUO-HLO 

WFU - Molecular Weight of Fuel - Ib^/lb^Qj^ - 556 

PFl, PF2 - Vapor Pressure dorresponding to TL,, TL 2 -psia - 
0.0067 ,1 0.02 


TL^;, TL 2 - Temperature Corresponding to PF^, PF 2 - ®F - 42 5, 475 
RHOL - Density of Liquid Fuel - Ib^/ft^ - 53.7 

For the parametric study a baseline set of values were selected 
for each variable and in turn changed to two other values, one 
lower and one higher, while maintaining all other variables at 
the baseline value. The baseline values were selected to represent 
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a mean and the other two values the upper and lower limits that' 
may be expected in a sump surrounding an engine bearing. The 
six variables evaluated and the values used in the study are 
presented in Table 14. Case number 20 is the baseline value. 

The case numbers noting the changes in each variable are as 
follows : 


Case No. 

2]l, 2 2 

31, 32 
41, 42 
51, 52 
61, 62 
71, 72 


Variable Changed 

Air Inlet Temperature 
Air Flow Rate 
Oil Inlet Temperature 
Oil Flow Rate 
Oil Droplet Diameter 
Oil Velocity Relative to 
Air Velocity 


A graph showing how the gas (air and vapor) temperature 
and the vapbr mass fraction of the gas change with axial ; displace - 
ment in the tube is presented in Figure 18 for cases 20 and 22 
where the only change is the inlet air temperature. The graph 
shows that an increase in gas temperature from 600°F to 800®F 
more than doubles the vapor concentration. Graphs showing the 
effect of the changes made in each variable on the volume ratio 
of oil vapor to air are presented in Figures 19-24. Each graph 
consists of three lines which represent the percentage of oil 
vapors after a flow distance of 0 . 3 , 0 . 5 and 1 ft. The upper and 
lower flammability limits, expressed inpercent vapor, are marked 
on the graphs to provide a relative evaluation of the significance 
of the vapor concentration with respect to the variable change 
and the flow distance of the oil in the air stream. The computer 
printout sheets for the input parameters and the computed values 
at the first five positions calculated for Case 20 are presented 
in Tables 15 and 16 respectively. 


These graphs show that the vapor concentrations change ~as 

expected with the variable changes, i.e. the concentratioh 
increases with increases in air inlet temperature, oil inlet 
temperature and oil flow rate, and decrease with increases in 
air flow rate, droplet size, and the relative velocity of the oil 
to air. The variable changes shown to have the greatest influence 
on the vapor concentration are air inlet temperature and oil 
dropleT size.-— 

The effect of change’s in oil inlet temperature and flow 
rate, which the test data indicated had a major influerxe on 
flammability, are shown to have lesser effect than expected. 

This would indicate that the greater numbers of fires resulting 


TABLE 14 


SETS OF VARIABLE VALUES USED IN PERFORMING THE '' 

PARAMETRIC STUDY 


Variables 
Case No. 

Air Inlet 
Temp. 

(°F) 

Air Flow ** 
Rate 

(scfm) 

Oil Inlet 
Temp. 

m 

Oil Flow ** 
Rate 

(cfm) 

Oil Droplet 
Diameter 

(inches) 

Oil Velocity Relative 
To Air Velocity 

: (oil/air) 

* 20 

600 

8 

270 

0.014 

0.020 

0,5 

21 

400 

8 

270 

0.014 

0.020 

0.5 

22 

800 

8 

270 

0.014 

0.020 

0.5 

31 

600 

14 

270 

0.014 

0.020 

0.5 

32 

600 

4 

270 

0.014 

0.020 

0.5 

41 

600 

8 

170 

0.014 

0.020 

0.5 

42 

600 

8 

370 

0.014 

0.020 

0.5 

51 ^ 

600 

8 

270 

0.008 

0.020 

0.5 

52 

600 

8 

270 

0.020 

0.020 

0.5 

61 

600 

8 

270 

0.014 

0.004 

0.5 

62 

600 

8 

270 

0.014 

0.040 

0.5 

71 

600 

8 

270 

0.014 

0.020 

0.25 

72 

600 

8 

270 

0.014 

0.020 

1.0 

* Row 20 represents baseline values. 





** Values are not total 
^ physical model. 

flow rates used in 

test program. 

but modified to 

be representative 

in simplified 


Gas Temperature 


FIGURE 18 
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Graph of Calculated Change in Gas Temperature 
and Vapor Mass Fraction With Distance Traveled 
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FIGURE 21 


Oil Inlet Temperature Effect on Oil Vapor Concentration 
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TABLE 15 


COMPUTER PRINTOUT OF AIR AND OTL PROPERTIES, AND 
SYSTEM PARAMETERS FOR CASE 2Q - - 


(Steady Flow Droplet i Evaporation Program) 


AIR PROPERTIES 


CPA,BTW/LBR= - V 

TATR,OEGF= 

«»TR«LBN/L810LE= 

CONO»BTU/HR/FT/DEGF= 

XHUG,L8«1/FT/SEC= 


.2A460*00- 

.60000*03 

.28950*02 

=22500-01 

.17500-04 


FUEL PROPERTIES 


CPtUt8TU/LBfl/0ECE.s_ 

CPL vBTU/L9?l/0EGF== 

HFU0»3TU/t.BM = 

HL0«BTU/LBN= 

UFUtLBH/LBHOLEs 

TL»DEGF= 

RH0L«LBN/FT»*3= 


.30000*00- 
.60000*00 
-. 62500*04 
-.63760*04 
.55600*03 
.27000*03 
.53700*02 


OROPLE T PROEEJTI E S 

RGROUP = 


R0( DtRICRONS- i 

PFl.PSIAs 

TLl.OEGFs 

PF2.PSIAS 

TL2.0EGFS 

PRES.PSI4- 


.25000403 


,FPI 11= 

. 10000*00 

.55000*03 

.23000-02 

.37500*03 

.14700*02 


.1000040L— _ 00« X>tFT/SEC.*_ 


.55730401 


00 


SYSTER PARARETER3 


V0LA«SCFN= 

V0LS«CFM= 

*Rtl»Ft»»2= 

HTC0EF*8TU/HR/FT**2/0t0P= 

PERIR«Ft= 

NU«U = 


•80000*01 

.14000-01 

•24000-01 

.00000 

.62500*00 


itiSMWr.e^'a-ssw.r- 




TABLE 16 

COMPUTED VALUE FOR FIRST FIVE LOCATIONS - CASE 20 
(Steady Flow Droplet Evaporation Program) 


T>«NICKONSs 


R< 1I«N1CR0MS=“ 


P0SIT10N*FT= .00000 

air/lbn 6AS= .ioaoo«^oi 

YFU.LaM GASEOUS FUEL/LBN GAS- .00000 

RHO, TOTAL LBM/FT**3= .13103»00 

T6AS*0EGF= . 60000*03 

TWALL.0EGF= .33000*03 

TSURF,aEGF= u .27000*03 

GAS VELOCTTY»FT/SEC= .11155*02 


.25000*03 


YS( SPRAY/LBff= 


POSmOM.FT- 
YAIR.LBN AIR/LBH GAS= 

YF'J.LBM GASEOUS FUEL/LBH GAS= 
RHO, TOTAL LBH/FT»*3= 

TGAS«OEGF = 

TWALL»0EGF= 

TSURF.DEGF- 

GAS VEL0CITY«FT/SEC= 


.24986*03 


YS< 1»»LBH SPRAY/LBB= 


.55615*00 


VELOCr .55730*01 


. 10000*00 
.99786*00 
.21435-02 
.12761*00 
.59854*03 
.39000*03 
.540 77*03 
.11146*02 


.55520*00 


VELOC= .57828*01 


R< l)*flICRONS= 


POSITION. FT= 
yair.lbh air/LBN gas= 

YFU.LBM gaseous FUEL/LBH 6AS= 
RHO, TOTAL LBM/FT»*3= 
TGAS.DEGFs 
TWALL.0EGF= 

TSURF,OECF= 

GAS VELOCITY, FT/SEC= 


. 20000*00 

.99385*00 

.61548-02 

.12464*00 

.59580*03 

.39000*03 

.54068*03 

.11113*02 


.24959*03 


YS< ll.LBR SPRAY/LBN= 


.55340*00 


vetoes .59770*01- 


R< l),ntCRORS= 


POSITION, FT= .30000*00 
YAIR.LBH AIR/LBH GAS= . .99016*00 
YFU.LBH gaseous FUELFLBH 6AS=, ‘ “i9 84 00 -02 
RHO, TOTAL L8M/FT»*3= .12206*00 
TGAS.DEGFs .59329*03 
TWALL.OEGFs .39000*03 
TSURF.DEGFs .54057*03 
GAS VELOCITY, FT/SECS .11088*02 


*24934*03 


YS< IJ.LBH SPRAY/LBMs 


.55174*00 


VCLOCs .61578*01 


POSITTON.FTs .40000*00 
YAIR.LBH AIR/LBH GAS= .98676*00 
YFU,LBH GASEOUS FUEL/LBH GAS= .13244-01 
RHO, TOTAL LBM/FT*,3= VI 1980*00 
TGAS.OEGFs .59098*03 
TUALL.OEGFs .39000*03 
TSURF.OEGFs .54047*03 
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from the higher oil flow rate was not totally the result of 
increased oil in the air; but suggest that increased oil flow 
also resulted in smaller oil droplet sizes. This is certainly 
possible since the increased oil velocity through the nozzles 
could produce some atomization and the greater impingement velocity 
on the bearing could also produce smaller particles. The possi- 
bility of these two conditions emphasizes the importancecf a 
properly designed lubricant nozzle system and suggest an area , 
of investigation . 

The increase in the number of fires with an increase in oil 
inlet temperature, which was very pronounced in the testing, 
could also hav^ resulted partially from an increase in small 
particles. The size of a droplet formed is directly proportional 
to surface tension which varies inversely with ftemperaturp . ‘ 

Therefore, at higher temperatures, smaller particles would be 
formed. 


Several other significant points noted from the graphs are: 

(1) The oil vapor concentration are within the flammability 

■ limits in several cases. 

(2) The change in the variable investigated is significant, 
i.e. the resulting change in the vapor concentration 

is often changed from an inflammable mixture to a 
flammable mixture . 

(3) With oil particle sizes of approximately 0.004 inches in 
diameter, significant vapor is produced in a very short 
residence time in the air stream. Thus, further ' 
suggesting the importance of maintaining as large of 
oil particle sizes as possible Within the sump. 

(4) In none of the cases examined was there a vapor concen- 

above the calculated upper flammability limit. 

Additional analyses were performed to check if correlation 
existed between the analytical and test results. Variable values 
representative of specific tests were selected. The tests 
Si^lected forievaluationiwere : (1) Series 2 , Run 2 where fires 
were ignited in some actuations , (2) Series 3, Run 1 where no 
fires were ignited and (3) Series 4, Run 2 where fires were 
ignited in all attehipts. Changes to the values of oil and air 
flow rates were made to minimize the geometrical differences 
between the test rig and cylindrical tube use for math modelling. 
For each selected test run, the air and oil temperature and air 
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flow rates were considered constant while two oil droplet sizes 
and flow rates were incorporated for evaluation. The variable 
values used in the resulting twelve test runs are presented in 
Table 17. 

The resulting oil vapor concentrations at both 0.3 ft. and 
0.5 ft. travel are also represented. These two lengths are 
considered to be representative of the average flow path to an 
ignitor location. By comparing the calculated concentrations 
with the flammability limits, the computed values are quite 
reasonable. In computer runs 1-4, representative of Test Series 
2, Run 2 where some fires were ignited, the analysis indicated 
that fires would ignite with the higher oil flow rate and smaller 
droplet sizes. In computer runs 5-8, representative of Test 
Series 3, Run 1 where no fires were ignited, the analysis also 
indicates that no fires would be expected. In computer runs 9-12, 
representative of Test Series 4, Run 2 where fires were ignited 
in all attempts, the analysis indicated that the concentration 
was too lean to burn and fires would not have been expected. 

The agreement between test and computed data was actually better 
than expected considering the assumptions that had to be made 
in attempting to account for the differences in the configuration 
of the rig and that used in formulating the math model. In 
addition the oil droplet size and the quantity of oil entering 
the air stream had to be established by engineering judgement. 

! In general, the analysis performed with the two phase flow 
(liquid and vapor) program indicated that the mathematical model 
and the resulting computerized program is a feasible method for 
determining the oil vapor concentration in a two phase flow 
through a cylindrical tube. Although the checks performed with 
te|st data indicated that the results were logical, further com- 
pairison with test data obtained in a cylindrical test rig should 
be| performed. The testing should be performed with variable oil 
drqplet sizes, temperature, and flow rates and variable air 
temperature and flow rates. In addition, work should be performed 
tol evaluate the size of oil droplets generated by an oil stream 
impinging on a rotating bearing. This work should include the 
effect of changes in oil flow rate and temperature, bearing speed, 
nozzle design and stream diameter, and the direction and location 
of the contact. Such values will be necessary in future analytical 
studies and could provide information on decreasing the incidence 
of sump fires by controlling the injection oftthe bearing lubri- 
cant'. ■ 


86 


^ ■; t'- i 


ffiatisns^n 


I. . . J 


t;': 






|.,;4;vwi‘{"xl 






■V;ys»«»t«*jit* • 




liJiSffiSJWic} 


r**n 




TABLE 17 ; : ■ 

■' ■ ■ ■ ■ " y'' 

SETS OF VARIABLE VALUES USED TO CHECK CORRELATION WITH TEST RESULTS ~ 

Oil Vapor 


Variables 
Case No . 

Air Inlet 
Temp. 

TO ; 

Air Flow* 
Rate 
(scfm) 

Oil Inlet 
Temp. 

I m rv 

Oil Flow* 
Rate 
(cfm) 

Oil Droplet 
Diameter 
: (inches) 

Oil Velocity Relative 
To Air Velocity 
(Oil/Air) ” 

Concentration 
(Vol. %) 

.3 ft. .5 ft. 

' ' 1 ■ ■ 

700 

14.5 

360 

,0083 

« 

o 

o 

00 

0.5 

.12 

,19 

2 

700 

14.5 

360 

.0167 

.008 

0.5 

.23 

.36 

3 

700 

14.5 

1 360 

.0083 

.080 

0.5 

.001 

.002 

4 

700 

14.5 r 

360 

.0167 

.080 

0.5 

.003 

,005 

5 

600 

14.5 

180 

.0083 

.008 

0.5 

.04 

.07 

6 

600 

14.5 ■ 

180 

.0167 

.008 

0.5 

.09 

.13 

7 

600 

14.5 

180 

.0083 

.080 

0.5 

,000 

.001 

8 

600 

14.5 

180 

,0167 

.080 

0,5 

.001 

.002 

9 

570 

14.5. 

, 340 

.0083 

.008 

0.5 

.05 

.13 

10 

570 

14.5 

340 

.0167 

.008 

0.5 

.09 

.14 

11 

570 

14.5 

340 

.0083 

.080 

0.5 

.000 

.001 

12 

570 

14.4 

340 

.0167 

.080 

0.5 

.001 

.002 ; 


*Values are not total jflow rates used in test program, but modified 
to be represmtative in simplified physical model . 
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changes within the sump, resulting from input changes, were 
evaluated, the effects of the input change (oil temperature, oil 
flow rate, air temperature, air flow rate) was different at each 
monitored location. Even though the resulting trends from a 
change were generally the same throughout the sump, the magnittides 
would differ. An increase in the oil inlet temperature, air 
inlet temperature or flow rate resulted in higher mixture 
temperatures, and increase in oil flow rate resulted in lower 
mixture temperatures., i 

Therefore, it was concluded that no particular input 
parameter, with the possible exception of cil-in temperature, 
or set of parameter, could be established from which a firm 
decision:, with respect to flammability conditions within the 
sump, could be established. This condition varies drastically 
within the sump for a given set of input conditions, i.e. the 
mixture in; one location could be combustible while at another 
location nbn-combustible . This results from the complexity 
of the air flow paths, dispersion of the oil and the oil 
droplet sizes. 

The trends that conditions are more susceptible to fire 
ignition with increased oil flow and temperature are influenced 
as much by the generation of smaller oil particles as the greater 
oil dispersion and lesser heat transfer requirement from the air 
to generate vapor. This conclusion is based primarily on the 
results of the analytical study where the oil particle size was 
shown to have a major influence on the vapor generation rate with 
respect to residence time in the air. 

A reasonably good correlation was found between the nixture 
temperature at the spark ignitor and the calculated flammability 
limits expressed as temperature. This evaluation technique; 
provides: a comparatively easy way of judging the combustible 
condition within a bearing sump. If the mixture temperature is 
between the flammability limits the possibility of a fire starting 
in the" presence of an ignition source must be considered more 
probable than if it is outside the limits. This technique, 
however, is not completely reliable [it was found to be more 
reliable when the oil inlet temperature was above 432 °K (320°F)J 
as there are two conditions which would alter the expected 
combustible condition: (1) insufficient oil in the mixture to 
produce a combustible mixture even if all the oil was evaporated, 
and (2) the temperature of the oil droplets not being raised to 
the level of the air temperature. These two conditions indicate 
the importance of removing the oil from the sump as quickly as 
possible . 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 


7 . 1 Conclusions 

From the evaluation of the input parameters as criteria for 
determining the flammability conditions within the test rig 
bearing sump several conclusions could be established. Fires 
could be ignited Over the full range of hot air flow rates 
evaluated, 7 to 49 stdm^/hr. (4 to 29 scfm) , and over the complete 
range of inlet air temperature to the hot air chamber evaluated, 

724 to 833®K (845 to 1040®F). The severity of the 'fiires ignited 
were in general proportional to the hot air flow rate; the greater 
the flow rate the more severe the fires. With low air flow 
rates of 7 to 14 stdm^/hr. (4 to 8 sc£m): only minor non-self- 
sustaining fires were ignited. With flow rates of 20 to 27 stdm^/hr 
(12 to 16 scfm) the fires were still non-sustaining but much 
higher mixture temperatures resulted when a fire was ignited. 

The only self-sustaining. fires ignited occurred with airflow 
rates from 41 to 49 stdm-^/hr. (24 to 29 scfm). Thus good seals 
with high reliability should reduce the probability fires 
occurring in the application. 

Fires were also ignited over the full range of oil flow 
rates evaluated, 0.23 to 0.57 m'^/hr. (1 to 2 . 5 gpm) . In general, 
the tendency for fires to be ignited was greater with increases 
in oil flow rate. This condition most likely existed because 
there was a greater dispersion of oil droplets with the higher 
flow rates. None-the-less , self-sustaining fires were ignited 
with all flow rates evaluated. 

This condition would also suggest that the probability of 
fire would be reduced by decreasing the oil flow rate. However, 
the oil rate should not be reduced to the point where it would 
influence the operability of the bearing. These reductions 
could however also produce high bearing temperatures increasing 
the generation of oil vapor in the bearing which could negate 
the purpose of decreasing the flow. 

The temperature of the oil supplied to the test bearing fcr 
lubrication and cooling was the only input parameter that produced 
a limiting value with respect to fire ignition. A fire never 
ignited when the oil inlet temperature was below 417°K (290®F) , 
even when the other input variables were at or near the maximum 
value of the evaluated range . 

Uniform conditions were never generated within the sump 
with any of the imposed input combinations. The mixture tempera- 
tures measured within the sump varied from point to point in 
all tests. In those tests where detailed examinations of the 
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The fact that a combustible ratio could exist, due to the 
lack of thermal equilibrium, when the measured temperature is 
well above the upper flammability limit should also be noted. 
Therefore, the upper limit should be considered less reliable 
than the lower limit. In none of the test cases evaluated vas 
there positive evidence that a fire could not be ignited because 
the mixture was too rich. This observation was further emphasized 
by the fact that in none of the cases checked analytically by 
the computer program was a mixture simulated that was too rich 
to burn even in a flow distance of one foot. 


The statistical analysis techniques used to evaluate the 
test data were shown to be feasible approaches to establish trends 
and relative importance of test variables with respect to combustible 
conditions in the sump. The basic conclusions obtained from these 
analyses were in agreement with those obtained by direct analysis 
of the data. A drawback experienced with the bivariate plot 
approach was that no relationship of a plotted point, representing 
a particular fire ignition attempt, could be established with 
any test variable other than the two used in plotting. Thus no 
further understanding or knowledge could be obtained from its 
location. The stepwise linear discriminate function analysis 
further emphasized the importance of the oil temperature and flow 
rate with respect to flammability. 

i Two basic mathematical programs were; successfully formulated 
and computerized to aid in the study of the flammability conditions 
in a jet engine bearing sump. The first program traces two phase 
flow, liquid and vapor, in a cylindrical geometry. The second 
program considers the ignition of the vapor in air mixture by 
an ignition source and allows the determination of combustion or 
its absence. 

The second program was exercised with a two phase mixture 
of decane which showed proper operation. The first program vas 
successfully utilized in a parametric study to determine the 
influence on the generation of oil vapor due to changes in speci- 
fic independent variables. in all cases, vapor concentrations 
varied as would be expected with the variable change imposed. 

Air temperature and oil droplet size weie shown to have the major 
effect on the vapor generation rate. In addition, several runs 
were performed using variable: values representative of those 
imposed in specific test runs to determine what correlation! 
existed between the analytical and experimental results. The 
correlation was better than expected considering the assumptions 
that had to be made to compensate for the major differences in 
geometry of the rig and that used in establishing the mathematical 
model . 
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7.2 Recommendations 

This program has established directions with respect to 
change in input variables which should reduce the probability 
of sump fires and suggest a possible technique of judging flammability 
condition within a bearing sump. It has also shown that it is 
highly unlikely that flammability conditions within a Sump can be 
ascertained by evaluating only the selected input parameters. 

To obtain further knowledge, which will be valuable during a 
sump design to minizing the presence of flammable conditions within 
the sump, a continuation of the analytical approach initiated 
on this program is recommended. 

The recommended program iwould include both analytical aid | 
experimental work. It is suggested that the experimental effort 
be directed at establishing the flow path and particle size of 
the oil droplets dispersed from a jet lubricated bearing. In 
addition, verifica.tion testing should be performed to verify the 
accuracy of the computerized programs developed during this study. 

This w'ould include the design and; manufacture of a , simple cylin- 
drical test stand in which the oil and air flow rate, and oil 
droplet size could be readily established, thus permitting the 
evaluation of the vapor generation rate and flammability condi- 
tions with respect to axial flow distance. Any necessary changes 
in the developed analytical programs could then be made. 

It is further recommended that the computerized analysis be 
extended to incorporate programs which would establish the air 
flow paths within variable configured sumps thus establishing 
where baffling or changes could be introduced to minimize tie 
generation of flammable mixtures. 
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APPENDIX 
ACHE (S/T) 

AUTOMATED COMBUSTION HAZARD EVALUATION 
-t CSTEADY/TRANStEHT) 

Computerized analytic tools have been developed which can be 
used to begin correlation on experimental data for sump fires. 

The basic problem investigated undertakes the simulation of one 
dimensional flow in a duct or channel with a prescribed wall 
temperature distribution. The flowing fluid consists of a mix-- 
ture of liquid drops .in a gas phase. The gas phase consists of 
air as well as the vapo¥ resulting from the evaporation of drops 
The air vapor mixture, depending on temperature and concentra- 
tion, may be capable of ignition and sustained combustion. Thus 
the problem is a complex one involving droplet size distribution 
evaporation, gas phase diffusion and combustion, as well as wall 
and fluid heat transfer. This investigation is performed in two 
stages: (a) steady flow spray evaporation; and (b) transient 

ignition and combustion. The equations used to develop the com- 
puter codes for both, the steady flow spray evaporation model 
and the transient ignition and combustion model are described 
in the material which follows . 


STEADY FLOW SPRAY EVAPORATION MODEL 

This first portion of the analysis is used to compute the 

droplet distribution, vapor and air concentrations, gas phase 

' ' 1 : 

and droplet temperatures, gas phase and droplet velocities and 
densities as functions of axial distance for steady one dimen- 
sionaliflow. For this portioniof the work axial conduction and 
diffusion are assumed to be negligible in comparison to convec- 
tion and wall heat transfer effects » The equations which must 
be solved are those which describe the following: 

1. species and phase continuity 

2. droplet evaporation 

3. spray equations relating droplet distribution^^^^ ^ 
to gas phase conditions 

4 . energy equation 

5. droplet momentum 


1. Species and Phase Continuity 

The equations expressing continuity of the species as well 
as continuity of the phases can be written as follows: 


"A ' ""a 

fuel '"f'ffu * “s “ 

phases m + m^; = m ^ 

^ s f a 



+ m 


fu 


= m 
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where the symbols are define as: 

gas phase mass flux 

m^ air mass flux (constant) 

m^ spray mass flux 

m^^ fuel mass flux (constant) 

m total mass flux (constant) 

air mass fraction (Ib^ air/lb^ gas phase) 

Y f u fuel mass fraction (Ibj^ fuel/lb^ gas phase) 

...... . 

All of the mass fluxes can be normalized to unity by defining 
the following flux fractions : 



= m^/m 



= m^/m 

constant 

•"fu 


constant 

*s 

= m^/m 



The normalized continuity equations are: 

'• r'a ' 'f'a 

* '.s ” ’fu 
+ f fg = 1 


2. Droplet Evaporation ^ ^ 

The droplet evaporation model used assumes the i drops to be 
small and far enough apart so that a quasi-steady state exists 
between each droplet and the surrounding . gas phase. The species 
and energy equations are solved for the local concentration and 
temperature field around the drop." These, together with phase 
equilibrium data for the liquid, are applied at the drop surface 
to yield a non-linear relationship between droplet temperature 
and gas phase temperature and cbncentration. As is shown in 
this appendix, solution of the non-linear relation at the drop- 
let surface yields the total time rate of change of droplet 
radius in the following form: 


dr/dt = -x/r = v dr/dx 


where: 

r droplet radius 

X depends only on gas phase conditions 
V droplet velocity 

For the case of steady one dimensional flow the droplet radius 
can be obtained as a function of axial distance as: 

X 

r^ + r^ - 2 / x(x')/v(x’) dxV 
. 0 


where 


Vq h inlet value of droplet radius 


3. Spray Equations 

The spray equations are used to compute the changes in 

1 : ' - . 
spray mass flux and size distribution as a function of axial 

distance* The spray droplets are treated in groups with group 

index i, j = 1,M. Each group must have a prescribed inlet value 

of group droplet velocity, group droplet radius and fraction of 

total entering drops. The spray mass flux for each group can 

be defined as follows: 

4 3 

m„ • = T 'TT Pi r . N. V. 
sj 3 ^^1 ] 3 j 

where : 

absolute density of liquid 
N. number density of group j drops 
Vj velocity of group j drops 

For the case of steady flow, the number flux for each group of 

drops must remain constant , i .e N. v. = constant, j - 1,M, 

' i 3 J 

th 

so that the relation for mass flux of the j group can be 
written as follows: 

™S3^sjO = 

The radius ratio can be obtained from the droplet evaporation 
variable, x, as follows : 

■ wherei: ' 'X ' 

(x) = 2/r?„ / xi:x')/vCx') dx’ 

J J 0 
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The total spray mass flux is then given by the following; 


m = Z m . 
" j=l,M 


The spray flux fraction is given by the following; 


ilj = Z m ./m 
^ j=l,M 


4. Energy Equation 

For the flow situations under consideration, the pressure 
work, kinetic energy, axial diffusion and axial conduction terms 
can be neglected as compared with the convectivd" and wall heat 
transfer terms in tke energy equation. The steady one dimen- 
sional energy equation can then be written as follows: 

d/dx (nif h^ + mg hj> = K(T^ - T) 

where : 

K product of convective heat transfer 

coefficient and flow perimeter divided 
by flow area 

hf gas phase specific enthalpy 
hj^ liquid phase specific enthalpy 
T^ wall temperature distribution 

■ t 

and the specific enthalpies are related to the liquid 
phase temperature, gas phase temperature and gas phase 
mass fractions as follows: 



V”? " =plCTi - t“) 


h enthalpy of formation at reference 
temperature 

reference temperature 77°F 

The energy eq^uati on can be rewritten in terms of non-dimen- 
sional temperature and flux fraction as follows: 

d6/dx + d ip / dx + 0 , dip /dx 

i. s 4 e ^ s 

- Ej d(\i/g0)/dx = E4 (0^ - 0) 


where : 


(T - T^)/rT . . - 

^ air in 


T . - r 

air 


= inlet liquid temperature 


T . = 
air 


inlet air temperature 


♦c “ »a V r ^fu =pfu> - 1“) 


= (hj - 1.5^)/ 


('plf^air in ' 1-/ 

(SfufTalr in - 


air in - * ))/C™ +c> 


5. Droplet Momentum i 

For the relatively low velocities involved, the main effect 
of momentum considerations will he on the droplet group velo- 
cities , Vj , which affect the group evaporation rates. A momentum 
balance on a droplet of the j group yields : 

V ■ dv./ dx = F. 

3 J J 

where the force can be deduced from the Stoke 's drag law for 
small particles as: 


F. = (9/2) (l/rf) (u - v^) 


where ; 


gas phase viscosity 
liquid absolute density 
radius of group j droplets 
gas phase velocity 
velocity of group j droplets 

In order to solve for the droplet group velocities, the gas 
phase velocity must also be obtained. Rewriting the phase 
continuity relation in terms of densities and velocities there 
obtains ; 


r . 
3 

u 


''j 


and 


in ^ "• 

Pf u 


m . - 

p . V . 


Si 

^3 3 


m = 

T. m^ . 


s 

j=l,M ^ 


P£ U 

+ m - m 
s 
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where | , 

gas phase density (Ib^^gas/total ft } 

3 group spray density 
sj 3 

(Ibj^ group j drops/ total ft ) 

The gas phase density can be obtained from the absolute gas 
density through the following relation: * 


Pf = Pg (1 - 


S 

j=l,M 


P -/p 
S2 ^ 



The absolute gas density is obtained from the perfect gas equa- 
tion of state as follows: 

pg = P/ fabs ( V"*a * 

where 

5 

Pg absolute gas density (Ib^ gas/ft gas) 
R universal gas constant 
Tabs temperature (°R) 
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Numerical Solution - Steady Flow Spray Evaporation Model 

The computer code developed to obtain numerical solutions 
of the steady flow spray evaporation model is discussed below. 
Details of the initialization as well as the description of the 

'V . . 

wall temperature distribution are given. The finite difference 
equations as well as the over-all solution scheme are discussed. 

Initialization 

All of the input variables are defined and units are 
described in the comments at the beginning of the program. The 
input specification of the total air and spray inlet ildw has 
been chosen to be in terms of- volume flow rates (cfm) . In 
addition, the required input for each of the droplet groups is 
initial radius, r^^.j, initial velocity, v^.q, and fraction of 
total drops, fpj • Amplification of the initialization of the 
mass fluxes, densities, gas phase velocity and number densities 
are given below. 

The inlet mass fluxes of air and total spray can be obtained 
from the input values of volume flow rate and flow a.rea as: 

m^ = 0.075 V /60/A 

3 . 3 . 

ms = Vg/ 60 /A 

• ■ where- ; ■ 

V inlet volume flow rate of air (cfm) 

Vg inlet volume flow rate of spray (cfm) 

2 

A flow area of channel (ft ) 


The total mass flux of spray can also be written in terms of 
the inlet total droplet number density as: 



Z 

=1,M 



Pi 




The total number density of drops at the inlet can then be 
obtained from: 



fPl ’'jO '^jo’ 


The individual group number densities can then be obtained as 






and the individual group mass fluxes are given by: 


^jo “ T ’'•’i '"jo 

The inlet value of the gas phase mass flux is assumed to be 
equal to the inlet value of the air mass flux, i.e., 

mfo = m^ 

The total inlet mass flux is obtained by adding the inlet total 
spray and gas phase mass fluxes and the inlet values of the flux 
fractions are obtained by simple division. The inlet value of 

'• i 

the gas phase velocity is obtained by applying the equations 
previously shown for the droplet momentum calculations. 


Wall Temperature Distribution 

The wall temperature distribution is input by specifying 
the value of wall temperature, TWALL(I), at consecutive axial 
locations, XWALL(I), for all of the wall points, I = 1,NWALL. 
XWALL(l) is the axial position of the inlet and XWALL(NWALL) is 
the axial position of the end of the channel. 

Numerical Scheme and Equations 

The axial length of the channel is broken up into incre- 
ments of length Dx. The continuity relations, an integrated 
form of the energy equation, droplet evaporation equations and 
the spray equations are applied at each new station down the 
length of the channel. After satisfying these equations simul- 
taneously at a new station, the droplet momentum and phase con- 
tinuity relations are used to obtain the new droplet group 
velocities and gas phase velocity. Simultaneous solution of 
the continuity, energy, evaporation, and spray equations at each 
new station requires an iterative solution using the secant 
method. This method is also applied to solve for the droplet 
group and phase velocities. The nonlinear relations between 
spray flux fraction, ip^, gas phase temperature, 0, and liquid 
drop temperature, which must be satisfied at each new station 
are given below. Using the superscript (^) to denote the values 
of a dependent variable at a new station, the equations are 
as follows : 
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Continuity: 


^ ,n , 


± ijj_ = constant 

X 3. 3. 

'^£ ^£u " '^£u ^ constant 


Energy : 


e" - 0 * (+2 - fs) * 0 ^. 

- Ej Cf” e" - tjS) > E^ Dx/2 (e|J + 0^ - 0" - 0) 


Evaporation: 

=■ x“ ( 0 “, 0 “, Y“y) 


Spray: 


whe re 


Tij^ = E 

, n. ST 
j = l,M ■> 

"■sr ”'sjo 

rr^= (1 - 0?)'® 

0? = 0. + Cx" ^-x) Dx/r?g/v. 


rrj= ratio o£ radius to inlet radius £or group j 


The use o£ the secant method requires initial guesses £or the 
spray £lux £raction, at the new station. With the initial 

guess, subroutine MFLUX is called to evaluate the other £lux 
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fractions and mass fraetions . SubroQ-tine ECOE.F is called to 
obtain the coefficients of the non-dimensional gas phase and 
liquid temperatures which are then used by subroutine EVXP to 
calculate these temperatures as well as the evaporation rate 
parameter, The evaporation rate parameter is then used in ^ 

subroutine SPRAY to calculate the spray flux fraction. The cal- 
culated spray flux fraction is compared to the initial guess and 
the secant method is used to obtain a new guess . This process 
is continued up to 50 times (in which case a non -convergence 
message is printed) unless convergence to within .0005 is | 
attained for the spray flux fraction. Once the secant method 
has converged for the flux fractions, mass fractions and tem- 
peratures at the new station, the droplet and gas phase veloci- 
ties are calculated . 

The droplet group velocities and gas phase velocity are 
calculated at the new station using the fact that the gas phase 
flux fraction .and droplet group mass fluxes, m^., have already 
been determined at the new station. The droplet momentum equa- 
tion (section 5) is written in finite difference form using a 
forward difference for the velocity derivative and values of 
velocity at the new station for the drag term on the right hand 
side. There results the following equation: 


f I 


? I 


-| 1 
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E 

•I 1 ■ 


IJ. I- 


r? 

t ' ^ 
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f I; 

|j- 


d J ' 


% ■ - ■ 


■9 | 

• f; 




(v . + B . ) 

3 r 


.-■1 R 

■Uf ^ 


106 


■ I ■ 

i.- t: 


which relates the group velocities to the gas phase velocities 
at the new station. The group dependent parameter is defined 

The droplet group densities can be calculated in terms of the 
known mass fluxes and new group velocities as 

P^. = m^vvv'v^ 
sy sj' j 


The absolute gas density at the new station, P^, is calculated 

s 

from the perfect gas relation as 

' ' ' ■ : ■ . ■ ! . , I t' 

Pg = t*" -4s * ' 4 u ^'^£ u > ) , ’ - 

The gas phase density is obtained from the absolute gas phase 
density and spray droplet group densities at the new station as 

Pf = p'^ (1 - s p"./p,)‘- 

^ S j=l,M 1 


The gas phase velocity at the new station can be obtained from 
the known gas phase flux fraction as 

u^ = m ^J/P^ 

Since the systeiJi of equations which must be solved to obtain 
new values of . gas phase velocity and group velocities are non- 
linear, the secant method is again applied to solve first for 
the gas phase velocity at the new station. Initial guesses are 
made for the gas phase velocity at the new station and the 
system of equations is used to generate u^. Subsequent guesses 
are generated by the secant method until ccnvergence results. 
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This completes one cycle in the calculations. The values 
generated for the dependent variables at the new station are 
then placed in storage locations for the old values and a new 
cycle is performed. This continues until either the end of the 
channel is reached or all of the droplets have evaporated. If 
all drops have evaporated at any particular station in the flow, 
the! only equation solved throughout the remainder of the channel 
is the energy equation with ipg = 0 . The change in gas density 
and velocity are also calcualted. 
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TRANSIENT IGNITION AND COMBUSTION MODEL 


For the second phase of the investigation, a transient 
ignition and combustion model together with numerical*" code have 
been developed. The purpose of the transient ignition and com- 
bustion model is to determine whether the conditions at any 
point in the flow channel as determined from the steady flow 
spray evaporation code are such as to allow ignition and sus- 
tained combustion to occur. The model developed takes into 
account axial diffusion and conduction as well as' kinetically 
controlled chemical reaction, which is assumed to occur in the 
gas phase, and droplet size distribution and evaporation. The 
model uses “a L co-ordinate system fixed to the flow 

wherein convective terms are neglected. In this co-ordinate 
system, the energy supplied by an ignition source over a given 
time duration, is assumed to result in an elevated gas phase 
temperature which appears as a step in the initial temperature 
distribution. The le;ngth of the step is equal to the product 


of the gas phase velocity at the axial locatidri of the ignition 
source and the time duration of the source. The gas phase 
velocity as well as all other initial conditions for the tran- 
sient model are obtained from the steady spray evaporation code 
at the axial position considered. The height of the temperature 


ste^ is determined by the amount of energy deposited by the 
ignition source into the gas phase. With this temperature step 
as an initial conditionj the model employs an Arrhenius form of 


reaction rate together with transient one -dimens ional species 
equations for fuel and air and the transient one-dimensional 
energy equation as well as droplet evaporation and spray equa- 
tions to obtain the spatial distributions of spray, fuel, air 
and product mass fractions and gas phase temperature as functions 
of i time. The resulting distributions can then be examined toi i 
determine whether ignition chn occur and whether flame propaga- 
tion upstream and sustained combustion can occur. The equations 
used in the transient ignition and combustion model are shown 
below. 

The one-dimen|Sipnal transient species equations for the 
fuel and air are : 


3Y„ 

Fu _ 

f“5t” 

1 

Pi 

3 

3x 

( PpD 

Fu. 
3x ^ 

.■-a. a 

■ 

3Yf 


1 

3 

CPfD 


“a 

+ - Y^ 

Pi 

3Yf 


f 

Pi 


3t 



where 

Yn gas phase mass fraction fib gas/total lb ) 

fuel mass fraction fib gaseous fuel/lb gas) 
ru m m 

Y. air mass fraction fib air/lb gas) 

, p. initial total density as obtained from 
steady flow spray evaporation code 

p^D product of gas phase density and mass 
diffusivity 

i • 

rate of generation of fuel from chemical 
reaction 

0 )^ rate of generation of air from chemical 
110 reaction 


For the model, the Lewis number is assumed to be unity so that 


= c 


pref 


where 

X mixture thermal conductivity (air) 

Cpre£ mixture specific heat (average of gas 
phase components) 

The reaction rates are assumed to be of the Arrhenius form as 

= - Y Y k e 
“Fu ^Fu ^ ® 


(Oa = STC 


where 


k is the pre- exponential factor 

E is the activation energy 

R is the universal gas constant 

STC is the stoichiometric coefficient cor res 

ponding to (Ib^ air burned/ Ib^ fuel) 


The species equations for fuel and air can be combined into a 
single equation for a so-called mixture fraction defined as 


: ^ S = Y^/STC - 

The differential equation for the mixture fraction does not 
involve a reaction rate term and is 

^f 3t 9x >^f 3x-^ ^ at at 




The value of the mixture fraction is calculated at each position 
for each t ime step and is used to determine which of the “species 
limits the reaction. If the mixture fraction is negative, then 
the air mass fraction is limiting and the air species equation 
is solved to determine which together with the already cal- 
culated mixture fraction yields the fuel mass fraction. If the 
mixture fraction is positive, the fuel species equation is used. 
The product mass fraction is then simply obtained since the sum 
of fuel, air and product mass fractions must add to unity. 

the one -dimens ional transient energy equation neglecting 
convective terms in the Lagrangian co-ordinates and also 
neglecting kinetic energy and pressure work terms is as follows: 


ill = ^ 3^T + i_ 
9t 3x^ 3x 


K PrD 


^^k K 

+ — CT 
3x Pj^ ■ 0) 


T) 


where 

K = product of convective heat transfer 

coefficient and flow perimeter divided 
by flow area ^ -i J 

the subscript k corresponds to 

k = 1 for gaseous fuel 

k = 2 for air 

k = 3 for products 
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and 


h = (1 - Yf) * Yf hf 
h. = h“ C„. CT, - T„) 


Vi 


‘ k - ^.'^k 

. Cp^ CT - T„) : 

h° = enthalpy o£ formation, = 77®F 

The energy equation can be rewritten in terms of non-dimensional 
temperature and enthalpy as: 

8Y, 


^ ^^^ step ^i ^ 8^0 

pTTT^ 8x^ ■ p,:x 


8t 




i “ref 


1 Pref k 


where : 


■^tTstep - "j ) 
i ^ref 


(V 


E = 


ref 


= Y (H,+H.Q ) + (1-Y ) 2 Y, (H,+HT.0) 

s ^l 2 k ^k k 


h . = £ [h? + C (T. - T^) j 
ref k k Pk 1 o-'^ 


Yg = 1-Y^ = spray mass fraction (Ib^spray/ total 


^2 ~ /"p£ ^"^step 


»k ^ t^k ^ Sk 




T 

T. 
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0 


RR^(x,t) = [1 - U,t)r 

Cx,t) = 2 / M# . ' . 

^ o r^oC^.o) 




if 

y 


= (T - T.}/(T ^ - T.) 

Step 1-^ 


0 


= (T,. - TJ/CT 


step 


- TJ 


= initial temperature outside of step 
T_ = inlet liquid temperature 

■ i 

Tstep" ^®niP6^3-tur_® of step due to ignition source 

subscript denotes values for liquid drops 

The evaporation rate parameter, x, is calculated in exactly 
the same way as for the steady flow evaporation model. The 
spray mass fraction, however, is given by 


H £ 


jTj I 

H * 


|t I i 

v5 i 'b 

fT £ ? 
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1.1 J. 


Y^(x,t) = : Y_ (x,o) RR; (x,t) 


j=l,M 
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Numerical Solution of Transient Ignition and Combustion Model 
, In order to obtain solutions within reasonable computer 
time limits, the computer code has been developed using an 
explicit numerical scheme. The time step and uniform value of 
node spacing are read in as input. The code explicitly cal- 
culate the values of the dependent variables at the nev/ time 
in terms of the values at the previous time step. Starting 
from the specified initial conditions, a new value of evaporation 
parameter is calculated using old values of gas phase temperature 
and fuel mass fraction. This new evaporation parameter is used - 
a].ong with the old in a trapezoidal rule integration to obtain 
the new parameter , (J). . This new value of (J>. is used to calculate 
the new value Of spray mass fraction, Y^. This new value of 
spray mass fraction is used in the mixture fraction equation 
as well as either the fuel or air species equations to calculate 
new values of fuel, air, and product mass fractions. In order 
to insure stability of the species equations involving the 
possibly very large reaction rates an exponential approximation 
is used. This 1 approximation remains stable for high rates of ; 
reaction and reduces _to the regular explicit finite difference 
equations in the event of slow reaction. Once the new values 
of spray, fuel, air and product mass fraction have been deter- 
mined for the nodal point, the energy equation is used to deter- 
mine the new value of temperature.. At each time step, the above 
occurs for every nodal point. 
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FLOW CHARTS AND GEOMETRY 

The numerical flow charts for the two codes are found on 
the next two pages followed by a ^drawing showing the geometry 
of the transient ignition of combustion model. 

; STEADY FLOW SPRAY EVAPORATION 

■ I ■ 

I READ INPUT I 
I WRITE INPUT VALUES I 

- 

I INITIALIZE NON-INRUT VARIABLES! 
r -DO 5 00 IMAIN^=--1,NTIMES^ 

v . . 

I WRITE TABULAR RESULTS ^ STORE FOR PLOTS 
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S,ECANT METHOD FOR IMPLICIT 
SOLUTION OF ENERGY, EVAP . 
AND SPRAY EQUATIONS 



SECANT METHOD FOR IMPLICIT 
SOLUTION OF DROPLET GROUP 
and! gas VELOCITIES : , ^ 


SUBSTITUTE NEW VALUES FOR OLD 


EVAP. COMPLETE 

SOLVE ENERGY EQUATION 

ONLY 


EVAP . COMPLETE 
SOLVE GAS PHASE 
VELOCITY 



II CALL PLOT SUBROUTINE 


STOP 

zz: 

END I 







TRANSIENT IGNITION AND COMBUSTION 










SAMPLE^ PROBLEMS 


The fuel chosen for the sample problems is n- decane for 
both the steady and transient codes. A discussion of the input 
and output for each of these cases is given below. 


Steady Flow Spray Evaporation 

All of the properties for air, fuel and droplets must be 


input. All input data must have field width of 10. All input 
variables as well as units are given in the comments at the 
beginning of each of the two codes. All input data are printed 
after being read. 

The first -card of input specifies the air properties of 

• _ : ^ ..I 

specific heat, inlet air temperature, molecular weight as well 
as mixture thermal conductivity and viscosity (taken as air 
values) all with field width of 10. 


The second card specifies the fuel properties, specific 
heats of gaseous and liquid fuel, enthalpies of formation of 
gaseous and liquid fuel, molecular weight, inlet liquid tempera-* 
ture and absolute liquid density. 

The third card of input contains the total number of droplet 
groups (MG ROUP) in 110 format . ; - 

The, next MGROUP cards each contains three values required 
for each group, initial radius, fraction of particles and inlet 


The next card contains two data points of vapor pressure - 
temperature data as well as the system pressure. 

The next card contains the volumetric flow rate of air and 
spray, flow area, wall heat transfer coefficient and length of 
flow perimeter. 

The number of wall points used to characterize the wall 
temperature distribution is read in next as NWALL in 110 format. 

The next NWALL cards contain the wall temperature distri- 
bution informant ipn . Each card must contain one wall position 
and the wall temperature corresponding to that position. The 
first value of wall position, XWALL(l), is taken to be the inlet 
position. The final wall position, XWALL( NWALL), must be larger 
than the axial distance over which the calculations are to be 
carried out. . 

The next card specifies the length of the axial position 
increments to be used in the calculations. 

The final card specifies the total number of steps to be 
taken. Use a value which is one larger than the total number 
of increments . I ^ 

The input values are echo -checked as the first page of 
output, where the fortran names and appropriate units are 
printed together with the numerical values. 

The sample problem is for n -decane drops. There is only 
one droplet group with initial radius of 30 microns , group 
fraction of 1. and droplet group inlet velocity of O.S fps. 
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The inlet air flow rate is 30 scfm and the liquid inlet flow 

2 

rate is 0.03 cfm. The duct cross-sectional area is 1 ft and 
the perimeter is 4 ft. The inlet air and droplet temperatures 
are 500®F and 200®F, respectively while the wall temperature 
is constant at 400®F. The wall heat transfer coefficient is 
20 Btu/hr/ft“/®F. The increment in the axial direction is 


0.01 ft. 


The printed output consists of position, air and fuel mass 
fraction in the gas phase j total density, gas , wall and liquid 
drop temperatures, gas velocity and droplet group radius and 
group spray mass fraction,. In addition to the tabulated results, 

: i i ■ ■ ' ■ 

line printer plots are also provided for all of the output 


variables except the droplet group information 

From the plots it can be seen that for the inlet conditions 
of this sample problem, evaporation occurs relatively quickly, 
within the first 4 steps. The air! mass fraction which begins 
at an inlet valve of unity (with no fuel vapor in the gas) 


decreases as evaporation proceeds to a constant value of 0.621. 
The fuel mass fraction which has an inlet value of zero increase 
to a~value of 0.379 within the first 4 steps. Both the air and 
fuel mass fractions are for the gas phase, i.e., Ibm of air and 
gaseous fuel per Ibm of gas. The total density for the constant 
pressure process decreases continuously. The initial rapid 
decrease in density is due to the evaporation of the drops 
counteracted somewhat by the rapid decrease in gas temperature. 



The slow decrease in density after evaporation is complete is._ 
due to the rising temperature of the gas phase. The gas tern- 
perature drops rapidly due to the heat required for vaporization 


and once vaporization is complete, the gas temperature increases 
due to wall heat transfer to approach the wall temperature. 


Transient Ignition and Combustion Model 

As in the case of the steady code, all properties are read 


in as input and printed out. All input variables are defined 
with units in comment cards at the beginning of the program. 

In addition, the initial temperature distribution must be 
specified depending on the ignition source duration and energy 
and gas phase velocity. . ^ 

For the sample problem a mixture of n-decane vapor and air : 
together with drops of n-decane at a temperature of 500°F, total 


density of 0,08 Ibm/ff^ air mass fraction in gas phase of 0.80 
and gas phase n-decane . (fuel) mass fraction of 0.20. The geo- 
metry is specified in the following way. Taking the product of 
gas velocity and ignition source duration, the total step length 
is talculated. For our example, let us say this product was ^ 
equal to 0.2 ft, e.g., 20 ft/sec gas velocity and 0.01 sec 
ignition source time duration. This yields a step half width 
of XSTEP 0.1 ft. The initial temperature of the step is then , 
calculated from the energy supplied by the ignition source. ' 
Assuming all of the energy (6 Btu) is used to heat only the gas 
phase, this results in a temperature rise of 1500®F calculated from: 


i 




So that ~ ^step ” 2000°F. The wall temperature 

is assumed to be 400°F. The time step size, total number of 
time steps and plot frequency are all read in as program control 
variables, For the sample problem, the time step was chosen 
to be 0.01 sec, 50 time steps were executed and the plot fre- 
quency was lO. ■.■■■ ;:77- 

The output consists of tabulated distributions of spray 
fraction, i .e . , Ibm spray/total Ibm] lion- dimensional temperature, 
fuel mass fraction, air mass fraction and product mass fraction 
at each time step. In addition to the tabulated results at each 
time step, every 10 bteps line printer plots are produced. From 
these results,, it is seen that for this sample problem the spray 
evaporates in the first time s tep v - Alsoy within the high: tem- 
perature step, complete combustion occurs such that all of the 
a,ir in this region is burned and the temperature increases, while 
outside the temperature step, the gas rtemperature is injitially 
too low to cause ahy appreciable reaction to occur and the :tem- 
perature decreases in order to supply energy to evaporate the 
drops. It can be noted here that if the ignition source energy 
is very low, then the reaction rate will be very low and the 
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initial temperature step may decay due to Conduction and wall 
heat transfer, i.e., ignition may not occur. Also, it may be 
seen that the initial mixture is rich and the air mass fraction 
limits the energy released , by combustion. After the initial 
igriition phase, the field can be clearly seen to consist of a 
"burned" zone composed of fuel and products and an "unburned" 
zone composed of air and fuel. These two zones are separated 
by a "flame zone" in which combustion, conduction and diffusion 
occur. Once ignition has occurred, it is the motion of this 
"flame zone" through the gas which determines whether sustained! 
combiistion can occur. If the speed of propagation calculated 
from the results of the transient ignition and combustion model 
is larger than the gas phase velocity at the location of interest 
(obtained from the steady evaporation code) then sustained com- 
bustion is predicted. On the other hand, if the "flame zone" 
propagation speed is less than the gas phase velocity, then 
ignition but unsustained combustion is predicted. The latter 
case is predicted in this sample case. 


DROPLET EVAPORATION ( SPHERICALLY SYMMETRIC) 

, A quasi -steady approximation is used to determine the 
droplet evaporation rate. 

Species Equation For Fuel (in gas) 
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I t 


d r 2 ^ _ d r 2 D ^^Fun 

(r Pf V Yp^) - ^ [r pp -3^1 


* { 
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Energy Equation ( in gas ) 


±_ ...2 

dr 
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Cr‘ Pf V Cp (T-TJ) = ^ (T-V] 


The mass flow rate leaving drop, m, is 
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= P£ 4'. IT r^, V = radial velocity 
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Solving 


^Fu f ^Fu ®Fu ® 




T = + B.J, e 


-5 


Energy Balance at Surface of Drop 


47rr^X dT 


m 


STrl r=r £ 


= L 


where 


or 


L' = h 


Fu 




^Fu " ^Fu ^pFu *^0^ 

h, = (T,- T°) ^ 

T„ = inlet liquid temperature 


Tp = liquid drop interface temperature 

■"l.'V 


dT , ^ _ 

dT Vlf C„ 

Apply B .C . ' s 

as r ■+ «> (C ■>■ o) 


for Le = 1 


Yc ^ 

Fu Fuoo 


Gas Phase Values 


^Fu ®Fu " 




also 


Solve 


126 


at r = 




T = T, 


Y = Y 
'Fu ^FUj^. 


from vapoT pressure data 


at r = r^ No net flow of components other 


than fuel (1-Yp^3 


I i 

X- « 
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■i-J 
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[pv (1 - Yp^j) - pD 


dr 


Iv-v = 0 

‘r-r^ 
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for Ap and Bp 


{[. I 


~ '^co ~ ;■ - 

(1 - e‘5|l):T= Tj: : 

®T ' *T ’ ■ ®T 


- U K 

' t'. 

■ ■ 




dT ^ L, .-C_ r'^^~'^Z - 




Bt, e - C- 


1-e"^^ 


) e 




m X 

' h' 


Solve for 

Fu * ■ Fu 


Fu 


or 


Yr: ^ 
Fu 

00 

■ '®Fui 

1 

i- ■ 

■— ^ - ' 

00 

®Fu 


e'^l = Y„ 


®Fu 

"fu„ 
1 - 

- Y. 

- 

e~^Z 

> 

c 

II 

^Fu 


-Yv ■ 

. 1 


00 

1 - 

e ^Z 



e~^Z 

- Y + Y 

7fu, 


-5. 


(1 - Y > e-%:= 1 - Vpu, 


1 - Y 
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1 - Y 
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O^EwiMVl^ 


IS 


Energy Balance at Interface Yields 


1 - e-SiM Cp 


These two equations together with vapor pressure data must be 
solved to obtain the evaporation rate. 
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Evaporation Rate (R) 
dr, 


R = 


I 

wr 
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dr, 


m = -4iTrj^ and 5, 
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4ttp£D 


dr. 




dt^ " 4TTrJp^ 


Pot 




For Le = 1 P^D ~ r 


R = !!i = £i£e.^’*'= ^ 
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PflC 


But 


1 - Y 




Fu 


Fu, 


X = 




Jin [ 


1 - Y 


Fu. 
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Vapor Pressure Data 

From flamability diagram for Jet II lubricant, the partial 
pressure of lubricant (fuel) vapor can be approximated by 


5,n Pp^ = AT + B 


From two data points (Pp , ) , (Pp , ) 

X Li fap ^ 


i rr-?^ ' 

' ■' I 
I 


i ! 


\ ti 


1 ^Fl 

~ T ^ 

5,1 5,2 ^2 


B = £n (Pi. ) - AT. 

Fl ^1 


The air to fuel ratio (STC) is assumed large so that the mole- 
cular weight of products formed is close to that of air and the 
fuel mass fraction can be related to partial pressure as 

^Fu^ %u 

X ' Ppu;' ^aWa' " ‘’pV “pr 


1. ar^ 

!■ |l 


If 


w ~ w . 

pr air 


16, 
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i,- Sm : 
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Fup Fu 
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^FU;^ "'Fu 

+ CPa+P.. 3 w 


A pr-' air 




I- r 
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^Fu ^pr " 


total pressure 


-Fu^ “fu 

l^Fu, «Fu * fPl-PFui^ \ir 


This equation together with the vapor pressure vs. liquid tem- 
perature equation yields the dependence of fuel mass fraction 
at droplet surface to surface temperature, i.e.. 


and combined, these yield> ^pujj^CT^) which can be used to 

satisfy the interface conditions derived earlier, i.e., 


,-5)i = 


1 - Y, 


1 - Y, 


- T 


i = L_ 


1 - e 


Once a solution is obtained (ite the T^, Yp^ , are 

known for the given gas phase conditions Too, Yp^ and the drop 

j ^ 

evaporation rate is given by | ^ ^ ^ 

1 -Y ' - 

dr n Y \ FUoo 






Fuel and Air Species Equations for Transient Model 
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where 


_E 

CD,. = - Yc Y. ke ^ = Arrhenius reaction rate 

Fu Fu A 

“a “ STC • 


I A . 

De£ine mixture Fraction C = g^C " "^Fu 


Two equations can be combined to yield: 


If 
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Y M. = i L- fo D ^ 1 
^£ dt p. 9x ^P£^ 9x ■' 


3Y£ 9Y£ 
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3t = 5- §7 If’ - ^ 


Then using a forward difference in time and central difference 
for the diffusion term: 

(p^D) At 


^fj^ " ^fo ^6 p^(Ax)2 >^o 


[5„(i+l)+ 5,(i^l)-2f (1)1 


■ ^^fM ■ ^f ^ 
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+ Y. - Y.J 


, = _ y 

^ STC VFu 


Complete solution requires solution for C which does not involve 
reaction rate and either solution for or Yp^. For high tem-| 
peratures, the rate of reaction is limited by the decreasing 
concentration of air and fuel. If < 0, then the air mass 
fraction will limit the reaction so that Y^ will be solved for. 
If > 0, then fuel mass fraction limits the reaction and Yp^ 

i. ■ ^ 

is solved for. 

■For Cm > '0 ' 
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Fu ^^Yp at 


where 






1 1 ’^fN, 

*■77 “ DT *Yf ^ 


P. Y 

1 ^f 


I 


Exponential Approximation 

In order to treat the high reaction rates at high tempera- 
tures, an exponential approximation is applied to the limiting 
mass fraction (Yp^ for 5 > 0; for C < 0) so that the rapid 
decrease in mass fraction and subsequent decrease in rate can 
be adequately modeled. 
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at 


Fu Fu Fu 

T Y^, = Y„ 

Fu Fu, 


-Cput 
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, Fu Fu Fuo 
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-LL 


'Fu 


- Yp^^3 

Note: When reaction rates are small, this reduces to the 

regular finite difference approximation. Also, when 
chemical reaction is slow but evaporation rate is 
* high, the above equation yields correct solution. 
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rate 


For < 0 


in 


limits reaction 
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Again, for small reaction rates and evaporation rate, the 
solution reduces to regular finite difference. 
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